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Abstract

The Christiana-Santorini-Kolumbo volcanic field in the southern Aegean Sea is one of the most hazardous volcanic regions

in the world. Forming the northeastern part of this volcanic field, the Kolumbo Volcanic Chain (KVC) comprises more than

20 submarine volcanic cones. However, due to their inaccessibility, little is known about the spatio-temporal evolution and

tectonic control of these submarine volcanoes and their link to the volcanic plumbing system of Santorini. In this study, we

use multichannel reflection seismic imaging to study the internal architecture of the KVC and its link to Santorini. We show

that the KVC evolved during two episodes, which initiated at ˜1 Ma with the formation of mainly effusive volcanic edifices

along a NE-SW trending zone. The cones of the second episode were formed mainly by submarine explosive eruptions between

0.7 and 0.3 Ma and partly developed on top of volcanic edifices from the first episode. We identify two prominent normal

faults that underlie and continue the two main trends of the KVC, indicating a direct link between tectonics and volcanism. In

addition, we reveal several buried volcanic centers and a distinct volcanic ridge connecting the KVC with Santorini, suggesting

a connection between the two volcanic centers in the past. This connection was interrupted by a major tectonic event and, as

a result, the two volcanic systems now have separate, largely independent plumbing systems despite their proximity.
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Key Points 9 

 High-resolution reflection seismic data reveals that the internal architecture of the 10 

Kolumbo Volcanic Chain 11 

 The Kolumbo Volcanic Chain evolved during two episodes along NE-SW striking normal 12 

faults  13 

 A prominent volcanic ridge connects the Kolumbo Volcanic Chain with Santorini 14 

highlighting a former connection between both systems 15 

Abstract 16 

The Christiana-Santorini-Kolumbo volcanic field in the southern Aegean Sea is one of the most 17 

hazardous volcanic regions in the world. Forming the northeastern part of this volcanic field, the 18 

Kolumbo Volcanic Chain (KVC) comprises more than 20 submarine volcanic cones. However, 19 

due to their inaccessibility, little is known about the spatio-temporal evolution and tectonic control 20 

of these submarine volcanoes and their link to the volcanic plumbing system of Santorini. In this 21 

study, we use multichannel reflection seismic imaging to study the internal architecture of the 22 

KVC and its link to Santorini. We show that the KVC evolved during two episodes, which initiated 23 

at ~1 Ma with the formation of mainly effusive volcanic edifices along a NE-SW trending zone. 24 

The cones of the second episode were formed mainly by submarine explosive eruptions between 25 

0.7 and 0.3 Ma and partly developed on top of volcanic edifices from the first episode. We identify 26 

two prominent normal faults that underlie and continue the two main trends of the KVC, indicating 27 

a direct link between tectonics and volcanism. In addition, we reveal several buried volcanic 28 

centers and a distinct volcanic ridge connecting the KVC with Santorini, suggesting a connection 29 

between the two volcanic centers in the past. This connection was interrupted by a major tectonic 30 

event and, as a result, the two volcanic systems now have separate, largely independent plumbing 31 

systems despite their proximity. 32 

Plain Language Summary 33 

In the central Aegean lies the Christiana-Santorini-Kolumbo volcanic system, one of the most 34 

volcanically and seismically active regions in Europe. Santorini has had over 200 eruptions in 35 

the last 360,000 years. Only 7 km northeast of Santorini lies the underwater volcano Kolumbo, 36 

as well as over 20 other smaller underwater volcanoes that form the Kolumbo Volcanic Chain, 37 

which have only had 2 major eruptions during this time. In this study, we investigate the history 38 

of this volcanic system to understand its relation to Santorini and why volcanoes located so 39 

closely together behave so differently. Using seismic reflection data image the internal 40 
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architecture of the Kolumbo Volcanic Chain and show that it evolved in two episodes along two 41 

prominent faults that might continue underneath Santorini. We also identify a volcanic ridge that 42 

lies between Santorini and Kolumbo, indicating a connection between the two systems. Our 43 

study suggests that Santorini and the Kolumbo Volcanic Chain evolved as one system in the 44 

geological past, but became disconnected from each other during a major tectonic event about 45 

300,000 years ago. 46 

1 Introduction 47 

Violent explosive eruptions at volcanic arcs account for ~95% of all eruption-related fatalities 48 

since 1600 CE, many associated with eruptions of coastal or marine volcanoes (e.g., Krakatau, or 49 

Tambora; Auker et al., 2013; Brown et al., 2017). As recently demonstrated by the 2022 eruption 50 

of Hunga Tonga–Hunga Haʻapai, seawater interaction during shallow eruptions is capable of 51 

producing violent phreatomagmatic explosions that generate ocean-scale tsunamis (Carvajal et al, 52 

2022; Lynett et al., 2022). In arc settings, magma is generated by partial melting of the mantle 53 

above the subducting slab, and its ascent to the surface is governed by thermodynamic conditions 54 

within the crust (e.g., Cashman & Sparks, 2017). Volcanic plumbing systems represent a complex 55 

network of vertically extensive melt reservoirs at different depths, developed over long timescales 56 

during the growth of a volcano (e.g., Tibaldi & Bonali, 2017). At shallow depths, magma rises 57 

along faults and fractures influenced by the regional tectonic stress state, which can lead to the 58 

formation of volcanic lineaments (e.g., Tibaldi, 1995). Magma path orientation can be stable over 59 

long time scales but modifications in the tectonic stress regime, such as from large earthquakes or 60 

modifications in volcano morphology, can influence the volcanic plumbing system (e.g., Hill et 61 

al., 2002). This can lead to temporal changes in the eruptive style of individual volcanoes or over 62 

short distances from one volcano to another (e.g., Hill et al., 2002). 63 

Investigating the spatio-temporal evolution of the orientation of volcanic plumbing systems is 64 

important for understanding the behavior of active volcanoes (e.g., Tibaldi & Bonali, 2017). Being 65 

hidden beneath the surface, the deep structure and temporal evolution of volcanic plumbing 66 

systems can only be assessed on the basis of geochemical constraints (e.g., Druitt et al., 2012), by 67 

studying eroded volcanoes (e.g., Tibaldi et al., 2013) or indirectly via geodetic monitoring (e.g., 68 

Bato et al., 2018). However, these methods are difficult to apply to submarine volcanoes due to 69 

their inaccessibility for direct sampling and monitoring (Carey & Sigurdsson, 2007; Mitchell 70 

2012). Here, geophysical methods are required, and recent advances in seismic tomography and 71 

full-waveform inversion enable the imaging of shallow melt reservoirs underneath active 72 

volcanoes (e.g., Paulatto et al., 2022), but often lack the resolution required to reconstruct the 73 

temporal evolution of the system. This critical observational gap can be addressed by high-74 

resolution multichannel seismic imaging, which provides structural images of the subsurface that 75 

can be used to reconstruct the relative spatio-temporal evolution of submarine volcanic systems 76 

(e.g., Preine et al., 2022a).  77 

One of the few areas worldwide, where crustal-scale and high-resolution geophysical data as well 78 

as detailed petrological analyses are available, is the Christiana-Santorini-Kolumbo (CSK) 79 

volcanic field in the southern Aegean Sea (Fig. 1) (Nomikou et al., 2019). This 60-km-long 80 

volcanic field has produced over 200 eruptions in the last 360 thousand years, including the famous 81 

Minoan eruption of Santorini 1600 BCE (e.g., Druitt et al., 1999; Nomikou et al., 2016a; Satow et 82 

al., 2021). Located only 7 km northeast of Santorini lies the submarine Kolumbo volcano, which 83 
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last erupted in 1650 CE, causing ~70 fatalities on Santorini and generated a tsunami that inundated 84 

the nearby Cycladic islands (Fouque, 1879; Cantner et al., 2014; Karstens et al., In Review_A). 85 

This eruption created a 500 m deep and 1500 m wide crater, which hosts an active hydrothermal 86 

vent field (Carey et al., 2011; 2013; Fuller et al., 2018). Kolumbo consists of five vertically stacked 87 

volcanic units (Hübscher et al., 2015) and is the largest volcano of the Kolumbo Volcanic Chain 88 

(KVC), which itself consists of more than 20 submarine volcanoes that are aligned along two NE-89 

SW striking lineaments 16 km northeast of Kolumbo (Nomikou et al., 2012; Hooft et al., 2017).  90 

Since the entire CSK field lies in the same regional rift system, it is subject to a common external 91 

tectonic control (e.g., Heath et al., 2019; 2021; Preine et al., 2022c). There is an ongoing discussion 92 

regarding the role of regional (> 10 km length) and local (< 10 km length) faults on the 93 

emplacement of volcanic features (Hübscher et al., 2015; Heath et al., 2021) and regarding the 94 

connection of the plumbing system between the different volcanic centers. While geochemical 95 

analyses of the eruption products from both volcanoes suggest independent crustal differentiation 96 

(Klaver et al., 2016; Rizzo et al., 2016), seismic tomography showed the presence of a low-velocity 97 

anomaly connecting Santorini and Kolumbo at a depth of 3-5 km, interpreted as a zone of 98 

magmatic intrusions (Heath et al., 2019; McVey et al., 2020). To date, it is not clear whether there 99 

is further evidence for a link between the Santorini volcanic system and the Kolumbo Volcanic 100 

Chain, nor is it known how their plumbing systems have evolved in time and space. To address 101 

these questions, in this study we investigate the internal architecture of the volcanic edifices from 102 

the KVC and explore their relationship to the regional tectonic system using seismic reflection 103 

images. Furthermore, we investigate seismic reflection evidence for volcanic features in the area 104 

between Santorini and Kolumbo. Based on these analyses, our objectives are to (1) reconstruct the 105 

spatio-temporal evolution of the Kolumbo Volcanic Chain, and (2) investigate whether there is a 106 

link between the evolution of Santorini and the Kolumbo Volcanic Chain. 107 

2 Geological Framework 108 

The KVC is part of the CSK volcanic field, one of the most active volcano-tectonic regions in the 109 

Mediterranean Sea (e.g. Bohnhoff et al., 2006; Nomikou et al., 2019). Formed by the partial 110 

melting of the subducting African slab beneath the Eurasian plate, volcanism along the CSK field 111 

evolved in four phases, which initiated in the Late Pliocene with the emergence of the Christiana 112 

Volcano southwest of present-day Santorini (Phase 1; Piper et al., 2007; Preine et al., 2022a). The 113 

subsequent formation of major NE-SW trending fault systems in Middle Pleistocene correlates 114 

with the emergence of the early Kolumbo and Poseidon centers (Phase 2), which deposited 115 

volcaniclastic material in the Christiana and Anhydros Basins, respectively (Hübscher et al., 2015; 116 

Preine et al., 2022a; 2022c). The KVC is thought to have formed after a major tectonic pulse that 117 

triggered a cascade of large-scale mass-wasting events at Santorini and Kolumbo (Phase 3; Preine 118 

et al., 2022b; 2022c). This series of events marks the beginning of the third phase, which is thought 119 

to include not only the formation of the KVC, but also buried volcanic cones southwest of 120 

Santorini, and the evolution of the onshore exposed Akrotiri rhyolitic center, the Peristeria 121 

stratovolcano, and the Akrotiri cinder cones (Druitt et al., 1999; Preine et al., 2022a). In the last 122 

phase (since ~360 ka; Phase 4), a major tectonic event occurred in the Santorini-Anafi Basin, 123 

followed by the onset of highly explosive volcanism at Santorini, which corresponds to a distinct 124 

change in the primitive melt diversity (Flaherty et al., 2022). This explosive volcanism formed the 125 
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Thera Pyroclastic Formation, while Kolumbo remained active producing two major eruptions 126 

(Preine et al., 2022a, 2022c).  127 

Kolumbo’s five units (K1-K5) formed over the course of more than 1 million years (Hübscher et 128 

al., 2015; Preine et al., 2022a). Seismic reflection data have shown that these volcanic units 129 

generally have low-amplitude internal reflections, indicating that they were formed by explosive 130 

underwater eruptions (Hübscher et al., 2015). This is consistent with ROV surveys of the crater 131 

walls, which show they consist of over 250 m of pumice lapilli and pumice block breccias 132 

produced by the historic 1650 CE eruption (Carey et al., 2011). Presently, a hydrothermal vent 133 

field is still active in the northern part of the Kolumbo crater (Carey et al., 2011; 2013), and 134 

frequent swarms of microseismicity indicate ongoing melt ascent (Schmid et al., 2022) from a melt 135 

reservoir at ~2 to 4 km below the crater (Chrapkiewicz et al., 2022).  136 

Northeast of Kolumbo, volcanoes within the KVC occur in water depths of up to 450 m, with 137 

summit heights of up to 200 m above the surrounding seafloor (Nomikou et al., 2012). Most of 138 

these volcanoes are cone-shaped, with some having characteristic craters at the top, while most 139 

have smooth, rounded summits (Fig. 1c) (Nomikou et al., 2012; Hooft et al., 2017). The cones of 140 

the KVC are aligned along two main trends that are approximately linear and NE-SW oriented 141 

(orange dotted lines in Fig. 1d), lying parallel to the main fault trend of the CSK rift zone (Nomikou 142 

et al., 2012; Hübscher et al., 2015). Only two volcanoes (VC8 and VC16) lie off these main 143 

lineaments (Fig. 1c). ROV surveys revealed that the volcanoes are sediment-covered and show 144 

little to no evidence of recent volcanic activity (Nomikou et al., 2012). Volcanic rock outcrops on 145 

the cones consist of fragments of pumice and lava that have been cemented by biological activity, 146 

while some show evidence of recent low-temperature hydrothermal activity (Nomikou et al., 147 

2012). In general, the bases of the slopes consist of fine-grained material, while the upper slopes 148 

consist of pumice clasts and scattered lapilli (Nomikou et al., 2012; Carey et al., 2013). Previous 149 

seismic surveys of some of the volcanic cones revealed low-amplitude reflections within the 150 

volcanic cones, which were interpreted as volcaniclastic material from explosive eruptions similar 151 

to those that formed the Kolumbo volcano (Hübscher et al., 2015).  152 

An important influence of the local tectonic system on the emplacement of volcanoes at the CSK 153 

field has been suggested by previous studies due to the overall linear alignment of volcanic edifices 154 

parallel to the NE-SW striking regional rift system (e.g., Druitt et al., 1999; Dimitriadis et al., 155 

2009; Feulliet, 2013, Heath et al., 2019; 2021; Preine et al., 2022c). The two most prominent 156 

volcano-tectonic lineaments are the Kameni and Kolumbo lines, which strike NE-SW intersecting 157 

the northern part of the Santorini caldera (Fig. 1a) (Druitt et al., 1999; Heath et al., 2019; Hooft et 158 

al., 2019; McVey et al., 2020) (Fig. 1a). While the Kameni line is defined by a linear alignment of 159 

post-Minoan vents in the center of the caldera, the Kolumbo line connects older volcanic centers 160 

in the northern caldera basin and extends towards Kolumbo (Fig. 1a). Both lineaments bound a 161 

region of isolated caldera collapse (Hooft et al., 2019) as well as a low-velocity anomaly in the 162 

depth of 3 to 5 km that extends from the northern caldera basin towards Kolumbo (Heath et al., 163 

2019; McVey et al., 2020). 164 

3 Methods 165 

In this study, we utilize an extensive dataset of more than 3,200 km of high-resolution multi- and 166 

single-channel seismic data acquired during six cruises between 2006 and 2019 (Fig. 1b) 167 

(Sigurdsson et al., 2006; Hübscher et al., 2006; Karstens et al., 2020). For all multichannel seismic 168 
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lines, we applied multiple removal by means of surface-related multiple elimination and pre-stack 169 

time migration to improve the quality of the seismic images. More details on the acquisition and 170 

processing of the seismic data can be found in Supplementary Information S1. All processed 171 

seismic lines were combined into an interpretation project using the Kingdom Suite software. In 172 

Figure 4, we use instantaneous phase plots (Taner et al., 1979) to highlight low-amplitude but 173 

coherent events within the volcanic edifices. 174 

 175 

4 Seismic interpretation 176 

 177 

4.1 Seismo-stratigraphic framework 178 

 179 

To establish a relative chronology of the evolution of the KVC, we use the seismo-stratigraphic 180 

framework established in Preine et al. (2022a, b). This framework consists of six units separated 181 

by six key horizons h1-h6. Unit 1 overlies the acoustic basement and consists of sub-parallel 182 

reflections of very low amplitude, which are often difficult to image due to the overprint of the 183 

seafloor multiple. The overlying Unit 2 consists of a series of well-stratified reflections with low 184 

to medium amplitudes. Units 3 and 5 consist of a series of well-stratified medium amplitude 185 

reflections. In contrast, Unit 4 consists of chaotic, weakly reflective material that has been 186 

interpreted as the deposits of the Santorini mass wasting cascade (Preine et al., 2022b). Where 187 

Unit 4 is missing, Unit 5 directly overlies Unit 3. The uppermost Unit 6 consists of high amplitude 188 

reflections that become irregular near Santorini, where they comprise the deposits of the Thera 189 

Pyroclastic Formation (Preine et al., 2022a). For the interpretation of the volcanic units of 190 

Kolumbo, we follow the nomenclature of Hübscher et al. (2015), who labeled the Kolumbo Units 191 

K1-K5. 192 

 193 

4.2 Kolumbo Volcano and the Kolumbo Volcanic Chain 194 

 195 

Figure 2 shows two seismic profiles crossing the Kolumbo Volcano perpendicular to each other. 196 

The uppermost profile crosses the Anhydros Basin and Kolumbo in the NW-SE direction (Fig. 197 

2a). In the Anhydros Basin, we identify all seismo-stratigraphic Units, which have relatively 198 

constant thicknesses. There are several faults intersecting the strata of the Anhydros Basins, with 199 

the Kolumbo Fault being the most prominent (as shown also in Nomikou et al., 2016b; Preine et 200 

al., 2022a). On top of the uppermost Unit U6, we identify a chaotic subunit, which thickens 201 

towards Kolumbo and represents the Minoan ignimbrites (yellow semi-transparent area) 202 

(Hübscher et al., 2015; Karstens et al., In Review_B). This Unit is overlain by Kolumbo’s Unit 203 

K5, which consists of well-stratified reflections representing the pumice deposits of the 1650 CE 204 

eruption (Cantner et al., 2014; Hübscher et al., 2015; Karstens et al., In Review_A). Kolumbo’s 205 

Unit K4 lies at the basis of Unit U6 and consists of chaotic to transparent internal reflections (Fig. 206 

2a). K3 is comparatively small and intercalated within Unit U5, while K2 makes up most of the 207 

Kolumbo edifice and is partly exposed on the crater wall (Fig. 2b). Both K2 and K1 are intercalated 208 

within Unit U3 and separated from each other by prominent high-amplitude reflections (Fig. 2a). 209 

In the center of the Kolumbo crater, we identify an acoustically transparent structure, which 210 

represents a dyke that is exposed on the crater wall (Karstens et al., In Review_A).  211 

 212 

The profile in Figure 2b starts on the eastern flank of Santorini, crosses the Kolumbo crater, and 213 

eight additional cones of the KVC. On the flank of Santorini, we identify the Minoan ignimbrites, 214 
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which have a wavy topography typical for submarine pyroclastic flow deposits (Pope et al., 2018). 215 

Horizon h6 marks a distinct onlap surface, onto which most of the internal reflections of Unit 6 216 

terminate (orange arrows, Fig. 2b). Unit 4 is absent in this profile and the deeper Units 1-3 are 217 

difficult to interpret since the seismic image is disturbed in the deeper part, especially below the 218 

KVC or towards Santorini (Fig. 2b). At profile kilometer 2.5, we identify a high-amplitude 219 

reflection within Unit 4 (red dashed line, Fig. 2b), causing acoustic blanking underneath, which 220 

may indicate a small volcanic edifice (Fig. 2b). 221 

Beneath Kolumbo, we identify the Kolumbo Units K1, K2, K4, and K5. Unit K4 is relatively small 222 

here, while K3 appears to be absent. On the southwest side of Kolumbo, the termination of K2 and 223 

K1 is well imaged (~km 5, Fig. 2b). However, the termination towards the northeast below the 224 

KVC cannot be constrained as the seismic image becomes highly disturbed below the KVC. 225 

The cones of the KVC crossed in this profile decrease in height towards the NE and display 226 

complex onlapping relationships with each other (Fig. 2b). In general, the cones have an internal 227 

architecture similar to that of Kolumbo, consisting of stratified flanks with weak seismic 228 

amplitudes and a chaotic, weakly reflective core (Fig. 2b). The cones are located on top of weakly 229 

reflective strata with several high amplitude reflections (purple semi-transparent area, Fig. 2b). 230 

Underneath VC2 and VC6, we observe a zone of vertically pervasive blanking and velocity pull-231 

up (marked ‘blanking’ in Fig. 2b), which is a typical effect occurring beneath high-velocity 232 

volcanic rocks within a sedimentary sequence (e.g., Jackson, 2012; Magee et al., 2013b; Reynolds 233 

et al., 2018). Beneath VC6, we observe a sequence of well-stratified reflections that onlap a cone-234 

shaped, acoustically transparent area (orange triangles, Fig. 2b). 235 

 236 

Figure 3 shows three seismic profiles traversing the central part of the KVC. The uppermost profile 237 

crosses the Anhydros Basin and the southwestern part of the KVC including VC6, VC5, and VC3 238 

(Fig. 3a). In the Anhydros Basin, we identify all six seismostratigraphic units and the Ios and 239 

Kolumbo Faults to the NW of the KVC. Between the Kolumbo Fault and the KVC is a complex 240 

fault zone with several small offset internal faults that terminate within Units 3 and 4 (Fig. 3a). 241 

Southeast of the KVC, towards the Anhydros Horst, we observe additional internal faults. The 242 

flanks of the volcanic cones are all intercalated with Unit 5. There is a zone of pronounced seismic 243 

blanking and velocity pull-ups beneath the central part of VC5, while underneath VC6, we identify 244 

a zone of chaotic, low amplitude reflections (purple semi-transparent area, Fig. 3a). The reflections 245 

from Unit 5 overly and/or onlap this cone-shaped area (km 15 in Fig. 3a). It is noteworthy that the 246 

base of e.g. VC5 lies approximately 130 ms beneath the seafloor, implying that the total height of 247 

VC5 is about 115 m greater than the 200 m protruding upwards from the seabed (assuming a 248 

velocity of 1750 m/s for unit 6 and 1500 m/s as water velocity, Preine et al. (2022a)). 249 

The seismic profile in Figure 3b crosses the Ios Fault and the deep part of the Anhydros Basin, 250 

where we find all six seismostratigraphic units and several internal faults (Fig. 3b). The profile 251 

crosses the flanks of VC5 and VC11 as well as VC7 and VC8. While VC5 and VC11 cause no 252 

pull-up or acoustic blanking indicating a moderate internal velocity of the flanks, VC7 and VC8 253 

cause complete blanking of the underlying strata except for some scattered reflection patches 254 

(purple dashed lines, Fig. 3b). The margin of the Anhydros Basin and the Anhydros Horst is not 255 

resolved due to the acoustic blanking (Fig. 3b). Figure 3a shows that VC7 onlaps VC8, while the 256 
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northwestern flank of VC7 occurs within Unit 3, suggesting an older age for these two cones 257 

compared to the other cones of the KVC, which are within Unit 5 (Preine et al., 2022a) (Fig. 3b).  258 

The seismic profile in Figure 3c is similarly oriented to the profile crossing the Ios Fault and the 259 

Anhydros Basin. Figure 3c crosses VC16, which is slightly further west than the rest of the KVC 260 

(Figs. 1, 3c). We identify high amplitude and irregular reflections at the top of this edifice (VC16) 261 

and pronounced acoustic blanking underneath (Fig. 3c). This is in contrast to the flanks of VC5 262 

and VC11 (Fig. 3b) or VC5 and VC6 (Fig. 3a), where the acoustic blanking is much less 263 

pronounced and we can identify reflections below the cones. On the other hand, the acoustic 264 

characteristics of VC16 are similar to those of VC7 and VC8 (Fig. 3b), where complete acoustic 265 

blanking is observed. Furthermore, Figure 3c shows that below VC12, the reflections of Unit 3 266 

onlap a body of chaotic/transparent internal reflections, which is connected to a broad zone of 267 

pronounced acoustic blanking beneath VC9 and VC8 (purple semi-transparent area in Fig. 3b). 268 

Similar to Figure 3b, the transition from the Anhydros Basin to the Anhydros Horst is not resolved 269 

in this profile (Fig. 3c).  270 

The profiles shown in Figures 2 and 3 highlight that the internal architecture of the different 271 

volcanic edifices of the KVC is diverse. To examine this in more detail, Figure 4 shows 272 

enlargements of selected volcanoes from the KVC with their respective instantaneous phase 273 

representations, which reveal weak coherent events within the volcanic edifices. We identify the 274 

following three main characteristic features: 275 

Seismic Facies 1 (SF1): Many volcanic cones have well-stratified flanks with a pronounced 276 

downlap termination towards the base of the edifice (VC3, VC6, VC11, and VC12) (Fig. 4). While 277 

these reflections have low amplitudes and are barely visible in the amplitude plots (Fig. 4a, c, e), 278 

they are visible as coherent closely-spaced reflections in the instantaneous phase plots (Fig. 4b, d, 279 

f). Similar stratified flanks can be observed within Unit K5 of Kolumbo (Fig. 2a, b), where they 280 

represent stratified pumice deposits of the explosive 1650 eruption (Hübscher et al., 2015; Karstens 281 

et al. In Review_B). Based on the similarity between the stratified flanks of the volcanic cones and 282 

the internal structure of Kolumbo's unit K5, we interpret that stratified flanks of the cones are 283 

seismic indicators of pumiceous deposits and are thus indicative of explosive eruptions.  284 

Seismic Facies 2 (SF2): All of the volcanic cones investigated in this study exhibit regions of 285 

incoherent seismic facies, which we will refer to as SF2. While SF2 is visible as acoustically 286 

blanked areas in the amplitude plots (Fig. 4a, c, e), the instantaneous phase plots show chaotic, 287 

incoherent internal reflections (Fig. 4b, d, f). We identify SF2 in the central area of the volcanic 288 

cones close to the vents (VC6, VC11) (Fig. 4), or within some of the acoustically transparent 289 

structures below the cones, e.g., below VC6 or VC12 (Fig. 6). In several instances, the incoherency 290 

of the strata cannot be explained by velocity effects from the overlying structures alone, as e.g., 291 

below VC6, individual horizons can be clearly imaged and traced underneath the volcanic cone, 292 

showing a distinct onlap behavior to the underlying incoherent region, which itself has a cone-like 293 

shape (Fig. 4a, b). This suggests that these features are buried volcanic structures over which newer 294 

volcanic cones have developed. This is evident beneath VC12, where the flank of the buried edifice 295 

is intercalated within Unit U3 (Fig. 3c, 4e, 4f). This acoustic signature could be explained by the 296 
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presence of brecciated material and massive hyaloclastites in the near-vent region of volcanic 297 

edifices, which has been identified by ROV surveys in the summit regions (Nomikou et al., 2012). 298 

We also identify the incoherent seismic facies along broader areas, e.g., within VC8 and VC16 299 

(Fig. 6), where chaotic or acoustic blanking facies extend laterally over an area > 1 km. Below 300 

these edifices, there is complete seismic blanking and no coherent reflections can be identified in 301 

either the amplitude plot or the instantaneous frequency plot. This is in contrast to other volcanoes 302 

of the KVC (e.g., VC3, VC6, and VC12) (Fig. 6), where reflections can be identified over wide 303 

areas, also below the edifices, suggesting that VC8 and VC16 consist of a different, denser 304 

material, e.g. lava flows. 305 

High amplitude reflection (HAR): We identify several reflections with anomalously high 306 

amplitudes compared to background reflectivity in the vicinity of several volcanic cones, e.g. next 307 

to VC11 (Fig. 4c-f), or at VC16 (Fig. 4e, f). Some of these reflections, occurring directly beneath 308 

volcanic cones, are saucer-shaped and phase-reversed and could be interpreted as sill intrusions 309 

(e.g., Planke et al., 2006; Magee et al., 2016) (e.g., Figs. 4e, f). High-amplitude reflections without 310 

phase reversals occur e.g. at VC11 directly below the crater (Fig. 4a, b), or at VC16 directly above 311 

the acoustically blanked area (Fig. 4e, f) and could be related to the presence of effusive lava flows 312 

as mentioned above. 313 

4.3 The northeastern section of the Kolumbo Volcanic Chain 314 

Figure 5 shows five profiles crossing the northeastern KVC and the transition to the non-volcanic 315 

eastern Anhydros Basin. In all of these profiles, we identify three major normal fault systems Ab1-316 

Ab3, which all dip towards the southeast. The seismic profile shown in Figure 5a crosses VC17 317 

and VC18, two of the easternmost cones of the KVC. Northwest of these volcanoes, we identify a 318 

broad zone of strong acoustic blanking that appears to be associated with the northeastern flank of 319 

VC16 (Fig. 5a). This acoustic blanking zone is overlain by Units 4-6, which appear to be uplifted 320 

(Fig. 5a). While the thickness of Unit 5 above this zone is constant, Unit 6 is very thin, suggesting 321 

that the uplift occurred prior to the deposition of Unit 6. Several faults are visible on the 322 

southeastern margin of the Anhydros Basin, including the two prominent faults Ab1 and Ab2, 323 

which can be traced along several profiles. Fault Ab1 offsets the seafloor, while Fault Ab2 shows 324 

a major throw offsetting the acoustic basement by up to 150 meters, which is also visible in the 325 

seismic profiles in Figures 5b and 5c. The volcanic edifices VC17 and VC18 appear to be located 326 

in a zone with several faults that might continue underneath these cones, although these could also 327 

be the result of acoustic disturbance due to the overlying volcanic cones (dashed lines and question 328 

marks, Fig. 5c). This is also the case in the seismic profile in Figure 5b crossing VC18, which 329 

seems to be located above several faults (dashed lines and question marks, Fig. 5b). VC20, which 330 

is imaged in the seismic profile in Figure 5c, is located further to the NE and we identify Fault 331 

Ab2 directly below the edifice, indicating a major structural relationship between the fault and the 332 

edifice (Fig. 5c).  333 

Overall, the sediment thickness in the profiles in Figures 5a-d decreases towards the northeast, and 334 

only Units 3-6 are visible in the profile in Figure 5e, which is also devoid of volcanic structures. 335 

We identify Fault Ab2 and Ab3 in the center of the basin, and towards Fault Ab2, the internal 336 

reflections of Unit 3 are divergent (Fig. 5d). The seismic profile in Figure 5e crosses the eastern 337 

Anhydros Basin, which represents a typical half-graben. The internal reflections of Units 2-4 338 
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thicken significantly towards the basin-bounding Ios Fault (Fig. 5e). We identify Faults Ab1 and 339 

Ab2 in the central and eastern part of the Anhydros Basin, while Fault Ab3 appears to be absent 340 

here.  341 

4.4 The area between Kolumbo and Santorini 342 

Figure 6 shows three seismic profiles traversing the Anhydros Basin between Kolumbo and 343 

Santorini. The first profile extends from the northeastern flank of Santorini, crossing Kolumbo and 344 

the Anhydros Horst (Fig. 6a). Similar to the profiles in Figure 2, we identify the Minoan deposits 345 

on the flank of Santorini (semi-transparent yellow color; Fig. 6a). At profile kilometer 10, there is 346 

a cone-shaped area of acoustic blanking (labeled 'Oia cone' in Fig. 6a). The internal reflections of 347 

Unit 6 onlap this feature and, since we observe a velocity pull-up beneath, we interpret this feature 348 

as a small buried volcanic cone similar to the Aspronisi cones southwest of Santorini (Preine et 349 

al., 2022a). Continuing towards Kolumbo (at km 12), we observe a high amplitude reflection with 350 

acoustic blanking beneath, at the boundary between Units 3 and 4 (red dashed lines, Fig. 6a). This 351 

feature is very similar to the feature observed on the flank of Santorini in Figure 2b. At Kolumbo, 352 

we identify all five Kolumbo Units and K3 represents a well-defined volcanic cone within Unit 5. 353 

It is noteworthy that the summit of K3 is located about 3 km away from the crater of Kolumbo and 354 

there is pronounced acoustic blanking below the center of the cone (km 15 in Fig. 6a).  355 

Figures 6b and 6c show two profiles that are located further to the southwest, traversing the area 356 

between Kolumbo and the northeast flank of Santorini. The profiles cross the Kolumbo Ridge, 357 

which is a previously unrecognized morphological feature that extends for 6 km from the 358 

northeastern flank of Santorini towards Kolumbo (Fig. 1c). Compared to the other profiles, the 359 

strata here are more irregular, which is why some of the key horizons are indicated by dashed lines 360 

(Figs. 6b, c). In both profiles, we identify the Minoan eruption deposits as the shallowest subunit 361 

(Figs. 6b, c). The center of both profiles is dominated by a broad zone of pronounced acoustic 362 

blanking (semi-transparent purple area) and upwardly bent reflections with some scattered high 363 

amplitude reflections (marked by dashed purple lines in Figs. 6b, c). While the lower units U1-U3 364 

cannot be traced along these zones of strong acoustic blanking, the upper units appear to partially 365 

overlie the zone of acoustic disturbance, although it is difficult to trace reflections along these 366 

zones. Only for the reflections of Unit 6 can we identify some onlap terminations towards horizon 367 

h6. 368 

 369 

5 Discussion 370 

5.1 Spatio-temporal evolution of the Kolumbo Volcanic Chain 371 

Using our seismo-stratigraphic framework, we are able to establish a relative spatio-temporal 372 

model for the KVC. While the intercalation of the flanks of volcanic cones within the seismo-373 

stratigraphic units allows us to place them in the general stratigraphic framework of the CSK field 374 

from Preine et al. (2022a), onlap terminations of individual cones against each other allow us to 375 

place them into a relative age context as summarized in Figure 7a. For example, the following 376 

relative age trend (becoming younger left to right) can be determined from onlap terminations 377 

identified in the seismic profile in Figure 2b: VC2>VC4>VC6>VC3 (Fig. 7a). However, this 378 
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approach is limited to cones where our seismic data allow us to identify direct onlap terminations. 379 

Volcanic edifices that are not imaged by our data or that are too far away from each other cannot 380 

be integrated into this relative chronological framework, since internal reflections cannot be 381 

reliably traced along the often chaotic or discontinuous intra-volcanic areas.  382 

Our analysis shows that the evolution of the KVC is much more complex than previously thought 383 

(Fig. 7a). According to the age model from Preine et al. (2022a), the Kolumbo cones evolved in a 384 

single phase during the deposition of Unit 5 and are thus between approximately 0.7 and 0.36 Myrs 385 

old (phase 3). However, Figure 3b clearly shows that VC7 and VC8 occur within Unit 3 and thus 386 

evolved during the same phase as K1 and K2 from Kolumbo, implying an age of approximately 1 387 

Myrs (Preine et al., 2022a). The buried edifices, e.g., below VC6 and VC12 (Fig. 3a, e) also appear 388 

to have developed during this older phase indicating volcanism was widespread at that time. In 389 

addition, our seismic images show that the internal architecture of these early volcanic edifices is 390 

mainly composed of the incoherent seismic facies SF2 and that there is strong acoustic blanking 391 

underneath, which is particularly evident at VC8 (Figs. 3b, 3c, 5c, 5d). As mentioned above, this 392 

implies that the edifices from this phase are composed of a very dense, acoustically attenuating 393 

material, that could be explained by the presence of thick effusive lava flows. This is in contrast 394 

to most of the volcanoes of the younger phase, which were formed during the deposition of Unit 395 

5 (~0.7-0.35 Ma) (Fig. 7a) and appear to have been formed primarily by explosive submarine 396 

volcanism, as indicated by the seismically well-imaged flanks (Fig. 4) that are very similar to the 397 

pumice-bearing crater walls of Kolumbo (Carey et al., 2011).  398 

Onlap terminations from several cones of the KVC allow us to establish a relative chronological 399 

model of the evolution of the KVC (Fig. 7a) and the spatial dimension of onlap terminations is 400 

indicated in Figure 7b. However, not all volcanoes of this phase seem to have been formed by 401 

explosive eruptions, since the seismic image of VC16 is more indicative of effusive volcanism due 402 

to the strong acoustic attenuation below and the irregular high-amplitude reflections above (Figure 403 

3c, 4e, 4f). The seismic profile in Figure 3c suggests that Unit 6 and parts of Unit 5 lie above 404 

VC16. This is also corroborated by Figure 6a, where we interpret the acoustically disturbed zone 405 

to be an intrusion related to VC16. Here, large parts of Units 4 and 5 appear to be uplifted, with 406 

the lack of thickness variation of these units suggesting that this uplift occurred after their 407 

deposition (Fig. 6a). In contrast, Unit 6 has a much lower thickness above this area, suggesting 408 

that it was deposited after the evolution of VC16 (Fig. 6a). Thus, our analysis suggests that VC16 409 

was formed during the deposition of Unit 5 and therefore belongs to Phase 3 of Preine et al. (2022a) 410 

(Fig. 7a), which, accordingly, saw more diverse volcanism than the formation of monogenetic 411 

cones only. Figure 7c shows a conceptual cross-section through the central part of the KVC, 412 

highlighting the different types of volcanic edifices from the two episodes of KVC evolution. The 413 

early phase saw the formation of the mainly effusive volcanic edifices such as VC8 and the buried 414 

edifices such as those found underneath VC6. The second phase saw the explosive submarine 415 

eruptions forming most of the cones of the KVC, in addition to the effusive formation of VC16, 416 

which lies off the main trend of the KVC.  417 

5.2 The role of tectonics 418 

The Kolumbo Chain forms two main trends that lie parallel to the NE-SW striking direction of the 419 

basin bounding faults of the Santorini-Amorgos Tectonic Zone (e.g. Nomikou et al., 2018). 420 

Hübscher et al. (2015) related these two trends with two faults that occur in the eastern Anhydros 421 
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Basin. According to our study, the eastern fault trend is linked to an internal fault zone in the 422 

Anhydros Basin, while the western fault trend is connected to the Ios Fault in the Anhydros Basin, 423 

implying a direct tectonic control of the KVC. In contrast, a recent study based on seismic 424 

anisotropy along the Anhydros Basin concluded that magmatism is not localized in areas of higher 425 

fault density, but influenced by the regional-scale tectonic regime (Heath et al., 2021). 426 

The seismic profiles shown in Figure 5 indicate that two prominent faults extend the two trends of 427 

the KVC towards the northeast into the eastern Anhydros Basin. Fault Ab2 shows a significant 428 

throw, offsetting the basement reflection by up to 150 m (Fig. 5a-c). This fault can be clearly 429 

identified directly underneath VC20, as visible in Figure 5c, and seems to continue the strike of 430 

the southeastern trend of the KVC far into the Anhydros Basin, where it is expressed as a complex 431 

system of intra-basin faults (Fig. 5e), in agreement with Hübscher et al. (2015). Fault Ab3 seems 432 

to continue the strike of the northwestern trend of the KVC and seems to continue underneath the 433 

volcanic cones VC17 and VC18 (Fig. 5a, b). However, due to the acoustic disturbances underneath 434 

the other cones, we cannot reliably trace faults Ab2 and Ab3 further underneath the KVC. On the 435 

other hand, the spatial trend of these faults (Fig. 5f) strongly indicates that these faults had an 436 

important influence on the volcanic plumbing system of the KVC, with volcanoes evolving both 437 

above and in between these faults (Fig. 5). Onlap terminations of the volcanic cones do not indicate 438 

that one of the two trends is younger than the other, since, as can be seen in Figure 7b, there are 439 

onlap terminations between individual cones of both trends, indicating that no clear spatial age 440 

trend can be derived. Thus, the formation of the KVC appears to have occurred as a phase of 441 

widespread volcanism along both trends of the KVC (Fig. 7b). 442 

Figure 5 also indicates that the throw of faults Ab2 and Ab3 decreases towards Unit 6, indicating 443 

that the main active phase of these faults was the time when Units 3-5 were deposited. This is 444 

particularly evident in Figure 5d, where Units 4 and 5 show significant divergence towards Fault 445 

Ab2. This is consistent with the temporal concept presented in Figure 7a, which indicates that the 446 

KVC was formed during the deposition of Units 3 and 5. Thus, in addition to the spatial aspect, 447 

this also suggests a temporal volcano-tectonic control of the KVC, i.e. that the timing of faulting 448 

corresponds to the evolution of the cones along the KVC.  449 

5.3 Link between the Kolumbo Volcanic Chain and the plumbing system of Santorini 450 

Our analysis has shown that the spatio-temporal evolution of the KVC is complex, including both 451 

explosive and effusive volcanism over long timescales. This raises the question of how these 452 

different phases are related to the volcanic plumbing system of Santorini. While the overprint of 453 

the thick Thera Pyroclastic Formation and several caldera collapse events complicate the analysis 454 

of the early evolution of Santorini, our seismic data allow the region between Santorini and 455 

Kolumbo to be imaged, where the Kolumbo Ridge connects the northeastern flank of Santorini 456 

with Kolumbo (Fig. 1c). 457 

The seismic profiles in Figures 6b and 6c illuminate the internal architecture of the Kolumbo 458 

Ridge, revealing a zone of acoustic blanking with some scattered high-amplitude reflections 459 

beneath, indicating the presence of stacked volcanic edifices or widespread intrusions. The 460 

location of the Kolumbo Ridge is consistent with the low-velocity zone from McVey et al. (2020) 461 

that extends from Santorini to Kolumbo at 3.5 km depth, which they interpreted as a zone of 462 

extensive magmatic intrusions. Figure 8a shows the spatial extent of the zone of acoustic blanking 463 
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underneath the Kolumbo Ridge and the KVC, which has a similar orientation to the deep low-464 

velocity zone of McVey et al. (2020), and its boundaries coincide with the trend of the Kameni 465 

and Kolumbo Lines (Fig. 8a). Although we cannot trace faults Ab2 and Ab3 underneath the KVC 466 

and the Kolumbo Ridge, their orientation also broadly matches the trend of the Kameni and 467 

Kolumbo Lines (Heath et al., 2019) suggesting a major volcano-tectonic zone connecting 468 

Santorini, the Kolumbo ridge, and the KVC. Onshore geological mapping shows the existence of 469 

several NE-SW striking faults as well as numerous dykes on the northeastern flank of Santorini, 470 

which could represent the shallowest expression of this large-scale fault zone (e.g., Druitt et al., 471 

1999; Drymoni et al., 2022).  472 

In addition to the Kolumbo Ridge, our seismic data also reveal several smaller volcanic edifices 473 

in the area between Santorini and Kolumbo. The seismic profile in Fig. 4a shows that the cone 474 

forming Kolumbo's Unit K3 had a separate vent located several kilometers southwest of the 475 

present-day crater (area of strong acoustic blanking in Fig. 6a). We also detect some smaller 476 

volcanic features in the area between Santorini and Kolumbo, such as the Oia Cone (Fig. 4a) or 477 

smaller zones of acoustic blanking, which may be related to shallow intrusions or smaller 478 

extrusions (Figs. 2a, 4b, 8). This shows that the area between Santorini and Kolumbo has been 479 

volcanically active in the past. Considering that volcanic edifices from Phases 2 and 3 have also 480 

been identified southwest of Santorini, such as the Poseidon center and the Aspronisi cones (Preine 481 

et al., 2022a), this shows that volcanism in the CSK field was much more widespread in previous 482 

phases (Fig. 8a). This is supported by recent findings of Pank et al. (2022), who sampled submarine 483 

lava outcrops in the Santorini caldera and found several samples with ages of ~255 ka and ~309 ± 484 

30 ka (for location, see Pank et al., (2022) and Fig. 8a). These samples fill an age gap in the 485 

volcanic history of Santorini, as the transition between Peristeria volcanism (550-450 ka) and the 486 

onset of the first eruptive cycle is not well constrained (Pank et al., 2022). These authors further 487 

show that these samples have a similar Sr-N-Pb isotopic composition to the Peristeria volcano, but 488 

argue that the samples belong to a previously unknown stage of Santorini volcanism. Considering 489 

the low accuracy of absolute age estimates from seismic stratigraphy, the boundary between phases 490 

3 and 4 (~360 ka) as defined in Preine et al. (2022a) has a considerable error margin. So far, the 491 

age model is based on the sedimentation rate extrapolations and the correlation to the onset of the 492 

first eruptive cycle on Santorini, which is based on tentative ages for Cape Therma 1 and Cape 493 

Therma 2 from Vakhrameeva et al. (2018, 2019) (Pank et al., 2022). Thus, it is plausible that the 494 

lavas of Pank et al. (2022) belong to Phase 3 and thus correspond to the continuation of the 495 

widespread volcanism of phase 3, which was subsequently masked by the TPF volcanism and 496 

multiple caldera collapses. 497 

Our reconstruction of the spatio-temporal evolution of the KVC in the context of the entire CSK 498 

volcanic field and the surrounding tectonic system is illustrated in Figure 8b-e. According to this 499 

model, after volcanism initiated in Late Pliocene/Early Pleistocene with the emergence of the large 500 

Christiana edifice (Phase 1, Fig. 8b), it became widespread in the Middle Pleistocene, forming 501 

volcanic centers southwest and northeast of present-day Santorini including the first episode of the 502 

KVC (Phase 2, Fig. 8c). During this period, the tectonic system started to form prominent NE-SW 503 

striking faults, including faults Ab2 and Ab3, which appear to have strongly influenced the 504 

emplacement of volcanic edifices during this phase (Fig. 8d). After a regional tectonic pulse 505 

affected the entire CSK rift system and a major mass-wasting cascade occurred at proto-Santorini 506 

(Preine et al., 2022b), another episode of wide-spread volcanism took place, which included the 507 

onshore exposed Akrotiri and Peristeria centers, the Aspronisi cones SW of Santorini, the newly-508 
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discovered Oia Cone between Kolumbo and Santorini, as well as large parts of the younger KVC 509 

(Fig. 8d). This widespread volcanism, which occurred along a large SW-NE oriented region, 510 

suggests that the volcanic plumbing system of the different edifices was laterally connected over 511 

a wide area, for example through long dykes systems that are typical for lateral connections along 512 

rift systems (e.g. Bato et al., 2018). 513 

The transition from Phase 3 to Phase 4 is marked by another major rifting event, which affected 514 

predominantly the northeastern Santorini-Anafi Basin (Fig. 1b) (Preine et al., 2022c). This tectonic 515 

event had a major influence on the volcanic plumbing system of the KVC since, afterward, 516 

volcanism became more spatially isolated and explosive, focusing mainly on the northern caldera 517 

basin of Santorini (forming the TPF) and Kolumbo, which had two major eruptions including the 518 

1650 CE K5 eruption (Preine et al., 2022c). This tectonic pulse also corresponds to a change in 519 

melt diversity of the eruptive products of Santorini (Flaherty et a., 2022). We argue that the large-520 

scale tectonic event marking the transition from Phase 3 to Phase 4 might have interrupted the 521 

connection of the volcanic systems of Santorini and Kolumbo, which seem to have been connected 522 

during Phase 3. This could have led to a focusing of volcanic activity on distinct centers during 523 

Phase 4. This would explain why there is geophysical evidence for both a deep (McVey et al., 524 

2020) and a shallow (this study) connection between Santorini and the KVC from previous phases, 525 

while geochemical analyses of the eruptive products show clear differences between the two 526 

systems (Klaver et al., 2016; Rizzo et al., 2016).  527 

 528 

6 Conclusions 529 

In this study, we have used reflection seismic profiles to reconstruct the spatio-temporal evolution 530 

of the Kolumbo Volcanic Chain (KVC) and its relationship to the Santorini volcanic system. We 531 

show that the KVC evolved in two main episodes. The first episode occurred at approximately 1 532 

Ma and formed volcanic edifices along a broad NE-SW trending zone northeast of Santorini. While 533 

most cones of the volcanic edifices of this episode are buried, some have only a thin sedimentary 534 

cover or are exposed at the seafloor. These cones seem to have been formed mainly by effusive 535 

eruptions, forming thick layers of acoustic blanking in the seismic data. In contrast, volcanoes of 536 

the second episode were formed mainly during submarine explosive eruptions between about 0.7 537 

and 0.3 Ma and formed well-stratified pumice cones that generally cause only minimal acoustic 538 

disturbances below, although at least one of these younger cones also likely formed during effusive 539 

eruptions.  540 

We show that the two main trends of the KVC correspond to two faults that continue towards the 541 

eastern Anhydros Basin. Most of the cones formed either on top of or between these faults, 542 

indicating a pronounced influence of local tectonism on the volcanic evolution of the KVC. We 543 

also identify several buried volcanic centers in the area between Santorini and Kolumbo, as well 544 

as a broad zone of acoustic blanking connecting Kolumbo with the northeastern flank of Santorini, 545 

which we interpret as a zone of widespread volcanic intrusions. This suggests that volcanism was 546 

much more widespread in the early evolution of Santorini, and occurred along a broad NE-SW 547 

trending zone that probably continued further beneath present-day Santorini. At some point, a 548 
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major tectonic event disconnected these systems, explaining the distinct geochemical signatures 549 

of the recent eruptive products of Kolumbo and Santorini. 550 

Our study highlights that high-resolution seismic imaging is a versatile tool for studying submarine 551 

volcanoes that are difficult to access otherwise. We show that seismic imaging can reveal buried 552 

volcanic structures, which would otherwise remain unrecognized, and allows the evolution of 553 

volcanic plumbing systems in space and time to be reconstructed. Similar high-resolution seismic 554 

surveys at the neighboring volcanic centers of the Hellenic Arc would provide a much clearer 555 

picture of the volcanic evolution and tectonic controls of this back-arc system, which is important 556 

for a more reliable hazard assessment of the region. 557 

Data availability statement: 558 

 559 

SEG-Y files of the seismic lines shown in Figure 2-6 are submitted to the Marine Geoscience Data 560 

System and will be publically accessible soon. Link and data DOI will be updated during the 561 

revision process. 562 
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Figure captions 780 

Figure 1: (a) Regional map of the southern Aegean Sea showing the Hellenic Volcanic 781 

Arc (shaded red) with volcanic centers marked by red triangles. The coordinate system 782 

here (and in subsequent maps) is UTM Zone 35N, WGS84 datum. The red box indicates 783 

the study area shown in (b). (b) Morphological map of the CSK rift zone showing islands, 784 

basins, volcanic centers, and major extensional structures (red lines), after Nomikou et al. 785 

(2016b, 2018, 2019) and Preine et al. (2022b). Grey lines indicate all available seismic 786 

profiles. KaL: Kameni Line; KoL: Kolumbo Line (after Heath et al., 2019). Bathymetry 787 

from Nomikou et al. (2012, 2013, 2018, 2019) and Hooft et al. (2017). (c) Close-up of the 788 

western Anhydros Basin showing the KVC and major structural elements. Color scale same 789 

as (b). (d) Profile curvature from the bathymetric map shown in c. Volcanic cones are 790 

labeled according to Nomikou et al. (2012) and Hooft et al. (2017). Asterisks indicate cones 791 

with summit craters. A northeast-trending ridge identified in this study is labeled 792 

“Kolumbo Ridge”. Orange lines indicate the two main trends of the KVC (Nomikou et al., 793 

2012). 794 

 795 

Figure 2: (a) NW-SE oriented seismic profile HH06-22 crossing the Anhydros Basin and 796 

Kolumbo. KF: Kolumbo Fault. (b) SW-NE oriented seismic profile UHH06-35 crossing 797 

Kolumbo and several cones of the KVC. Orange triangles mark onlap terminations. 798 

Colored horizons h1-h6 mark key reflections separating seismostratigraphic units U1-U6 799 

from Preine et al. (2022a). K1-K5: Kolumbo Units after Hübscher et al. (2015). VC: 800 

volcanic cone. KF: Kolumbo Fault. Inset map is an extract from Figure 1c, showing the 801 

locations of the profiles in (a) and (b). See Figure S2 for an uninterpreted version of the 802 

seismic profiles. 803 

 804 

Figure 3: (a) Seismic profile UHH06-24 crossing the Anhydros Basin and the 805 

southwestern part of the KVC. (b) Seismic profile UHH06-25 crossing the Anhydros Basin 806 

and the central part of the KVC. (c) Seismic profile UHH06-02 across the Ios shelf, the 807 

Anhydros Basin, and the central part of the KVC. Inset map is an extract from Figure 1c, 808 

showing the locations of the profiles in (a) - (c). See Figure S3 for an uninterpreted version 809 

of the seismic profiles. 810 

Figure 4: (a-f) Detailed illustration of the internal architecture of several cones of the KVC. 811 

Left panels show seismic amplitude and right panels show instantaneous phase. SF1, SF2: 812 

Seismic facies as explained in the text; HAR: High-Amplitude reflection. See Figure S4 813 

for an uninterpreted version of the seismic profiles. 814 

Figure 5: Seismic profiles across the northeastern KVC and the eastern Anhydros Basin 815 

(a-e). Profiles in (b) and (c) are single-channel seismic profiles, in which the yellow arrows 816 

indicate the position of the bubble reflection (acquisition artefact). Prominent faults Ab1-817 

Ab3 are highlighted and their location is indicated in the map (f). IF: Ios Fault; AhF: 818 

Anhydros Fault. See Figure S5 for an uninterpreted version of the seismic profiles. 819 

Figure 6: (a) Seismic profile UHH06-29 traversing the northeast flank of Santorini, 820 

Kolumbo, and the Anhydros Horst. (b) Seismic profile UHH06-19 crossing the Anhydros 821 
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Basin and the Kolumbo Ridge between Santorini and Kolumbo. (c) Seismic profile 822 

UHH06-38 crossing the northeastern flank of Santorini. Inset map show the locations of 823 

the seismic lines in (a)-(c). See Figure S6 for an uninterpreted version of the seismic 824 

profiles. 825 

Figure 7: (a) Relative timeline of the evolution of the CSK volcanic field, placed in the 826 

context of the chronostratigraphic framework of Preine et al. (2022a) – i.e. horizons h3 – 827 

h6. Ch.: Christiana, TPF: Thera Pyroclastic Formation, LBA: Late Bronze Age eruption, 828 

VC = volcanic cone, OC = Oia Cone. Black arrows indicate increasing age from one 829 

volcanic cone to the next. (b) Map of profile curvature showing the direction of onlap 830 

terminations from individual cones inferred from the seismic lines. (c) Schematic diagram 831 

showing the interpreted internal architecture of exemplary volcanic edifices of the KVC. 832 

The approximate location of the sketched section is indicated by the dashed black line in 833 

(b). SF: Seismic facies, HAR: High-Amplitude reflection. 834 

Figure 8: (a) Morphological map of the CSK rift zone showing major volcano-tectonic 835 

features before the onset of the Thera Pyroclastic Formation (TPF, ~0.3 Ma). Outline of 836 

proto-Anhydros Basin taken from Heath et al. (2019) and Preine et al. (2022c). Previously 837 

identified faults from Nomikou et al. (2019) and Preine et al. (2022c). Kameni and 838 

Kolumbo Lines according to Heath et al. (2019). Low-Velocity Volume zone from McVey 839 

et al. (2019). Locations of cones from Phases 1-3 taken from Preine et al. (2022a) and from 840 

this study. Locations of sampled lava outcrops from Pank et al. (2022). (c-e) Sketches of 841 

the spatio-temporal evolution of the Kolumbo Volcanic Cones (KVC) in the context of the 842 

entire Christiana-Santorini-Kolumbo volcanic field (according to Preine et al., 2022a). Red 843 

semi-transparent color indicates the approximate area of volcanic activity during each 844 

phase. Fault evolution according to Preine et al. (2022c). Present-day coastlines for spatial 845 

reference.   846 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 1 847 

  848 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 2 849 

  850 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 3 851 

  852 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 4 853 

  854 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 5 855 

  856 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 6 857 

  858 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 7 859 

  860 



manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Figure 8 861 

 862 



 

 

1 

 

 

Geochemistry, Geophysics, Geosystems 

Supporting Information for 

Spatio-temporal evolution of the Kolumbo Volcanic Chain and its link to the volcanic 
plumbing system of Santorini 

J. Preine1, C. Hübscher1, J. Karstens2, G. J. Crutchley2, P. Nomikou3 

1University of Hamburg, Institute of Geophysics, Hamburg, Germany 

2GEOMAR – Helmholtz Zentrum für Ozeanforschung, Marine Geophysics, Kiel, Germany 

3National and Kapodistrian University of Athens, Athens, Greece 

 

Contents of this file  
 

Text S1  
Figure S2 
Figure S3 
Figure S4 
Figure S5 
Figure S6 

 

Introduction  

Here we present supporting information for the paper titled “Spatio-temporal evolution of the 
Kolumbo Volcanic Chain and its link to the volcanic plumbing system of Santorini”. Contained 
in this file is a description of the processing of the seismic reflection data (Text S1), and 
uninterpreted versions of the seismic profiles shown in Figures 2-6 (Figure S2-S6). 

Text S1. 

The seismic data used in this study are from two cruises between from 2006 (Sigurdsson 
et al., 2006; Hübscher et al., 2006). Single-channel seismic data were acquired in 2006 during 
the THERA project on RV Aegaeo. As the seismic source, a G-pulser was used with a volume of 
10 in3. The general processing comprised simple bandpass filtering (15-500 Hz), de-spiking, and 
spherical divergence correction. In order to migrate the data, we binned the shot points into a 
regular spacing of 10 m. After migration, we applied a top-mute and white-noise removal. The 
vertical resolution of these data can be approximated to 8-15 m (using the λ/4- or λ/2-
approximation) within the shallow sediments (v=1900 m/s). 



 

 

2 

 

For the cruise POS338 with RV Poseidon, a GI-pulser was used and operated in true GI 
mode with a primary (Generator) volume of 45 in3 and a secondary (Injector) volume of 105 in3. 
Using a 600 m analog streamer with 24 Channels, we defined a CMP-spacing of 12.5 m. 
Processing of these data comprised trace-editing, simple frequency filtering (10-500 Hz), 
suppression of a receiver-ghost signal by predictive deconvolution, surface-related multiple 
elimination as well as spherical divergence correction, pre-stack time migration followed by 
top-muting and white-noise removal. These data have a main frequency of 60 Hz indicating a 
vertical resolution of approx. 8-15 m. 
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Figure S2. Uninterpreted version of the seismic profiles shown in Figure 2.   
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Figure S3. Uninterpreted version of the seismic profiles shown in Figure 3.   
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Figure S4. Uninterpreted version of the seismic profiles shown in Figure 4. 
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Figure S5. Uninterpreted version of the seismic profiles shown in Figure 5. 



 

 

7 

 

Figure S6. Uninterpreted version of the seismic profiles shown in Figure 6. 

 


