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The Minoan eruption of Santorini is one of the largest Holocene volcanic events and produced several 
cubic kilometers of pyroclastic flows emplaced on the submerged flanks of the volcano. Marine 
geophysical surveys reveal a multitude of undulating seafloor bedforms (USBs) around Santorini. 
While similar structures are known from other volcanoes worldwide, Santorini offers the unique 
opportunity to relate USB formation with volcanic processes during one of the best-studied volcanic 
eruptions worldwide. In this study, we combine high-resolution seismic reflection data with multibeam 
echosounder bathymetry to reveal the internal architecture of USBs around Santorini and to relate 
their morphological characteristics to formational processes. The USBs around Santorini were formed 
during the Minoan eruption and represent the seafloor expression of mass transport deposits. Three 
types of deposits differ in composition or origin. (1) Depositional USBs, which can only be found to 
the north of the island, where Minoan eruption ignimbrites reach their maximum thickness and the 
undulating topography is the result of thrusting within the deposit. (2) USBs related to slope failures of 
volcaniclastics from the entire Thera Pyroclastic Formation, which can be found east, south, and west of 
the island. (3) USBs associated with deep-seated deformation, which occurs on the southwestern flank 
along an area affected by rift tectonics and extends to a depth of more than 200 m below the seafloor. 
In cases (2) and (3), the USBs are formed upslope by block rotation and downslope by thrusting. Our 
study indicates that these processes may have contributed to the generation of the devastating Minoan 
tsunami. Since Santorini is located in one of the most tectonically active regions in the Mediterranean, 
capable of producing earthquakes with magnitude M7+, our study has important implications for hazard 
assessment. A strong earthquake located close to the island may have the potential to reactivate slope 
instabilities posing a previously undetected but potentially significant tsunami hazard.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).

1. Introduction

The Minoan eruption of Santorini in the Aegean Sea is con-
sidered one of the largest explosive volcanic eruptions in the 
Holocene (Sigurdsson et al., 2006; Johnston et al., 2014). Santorini 
lies in the center of the Hellenic Arc (Fig. 1) and has experienced 
at least four caldera-forming eruptions, with the 1600 BCE Mi-

* Corresponding author.
E-mail address: jkarstens@geomar.de (J. Karstens).

noan eruption being the latest and largest (Druitt et al., 1999; 
Satow et al., 2021). Within hours to days, Santorini discharged 
vast amounts of gas-charged magma, sending tephra, pyroclastic 
flows, aerosols, and tsunamis across the eastern Mediterranean 
(Druitt et al., 2019a). During the eruption, large parts of the island 
collapsed, leaving behind a flooded caldera, which dominates San-
torini’s present-day landscape. The eruption had disastrous conse-
quences for the people that populated the islands of the Aegean 
Sea in the Late Bronze Age and possibly contributed to the decline 
of the great Minoan civilization (Druitt et al., 2019b). Deposits of 
the Minoan eruption cover the seafloor around Santorini (Sigurds-

https://doi.org/10.1016/j.epsl.2023.118215
0012-821X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).

https://doi.org/10.1016/j.epsl.2023.118215
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2023.118215&domain=pdf
https://doi.org/10.1594/PANGAEA.956579
https://doi.org/10.1594/PANGAEA.956579
http://creativecommons.org/licenses/by/4.0/
mailto:jkarstens@geomar.de
https://doi.org/10.1016/j.epsl.2023.118215
http://creativecommons.org/licenses/by/4.0/


J. Karstens, J. Preine, S. Carey et al. Earth and Planetary Science Letters 616 (2023) 118215

Fig. 1. Map of the Aegean Sea showing the location of volcanic centers of the Hel-
lenic Arc and the study area (box). Elevation is relative to sea level. Data source: 
EMODnet Bathymetry Consortium (2020).

son et al., 2006; Karstens et al., 2023), which is characterized by 
a multitude of undulating seafloor bedforms (USBs) extending up 
to 25 km from the volcano (Bell, 2011; Hooft et al., 2017). Such 
undulating bedforms have been identified in a variety of geolog-
ical settings, ranging from deep-sea fans to continental shelves, 
and can result from seabed modification by density flows, inter-
nal waves, and mass movement (e.g., Lee et al., 2002; Cartigny et 
al., 2011; Reiche et al., 2018). Extensive fields of USBs have been 
recognized on the submarine flanks of large-caldera forming vol-
canic centers, which comprise some of the largest amplitudes ever 
documented on the seafloor (e.g., Symons et al., 2016). Two recent 
studies by Pope et al. (2018) and Casalbore et al. (2021) identi-
fied two different processes for the formation of USBs at volcanic 
islands: (1) the deposition of eruption-fed density flows and (2) 
deformation by slope failure. However, deciphering the different 
formational processes can be challenging and requires a combina-
tion of high-resolution multibeam bathymetry and, most impor-
tantly, seismic profiles obtained across the trend of the wave fields 
(Casalbore et al., 2021).

Santorini has been affected by both major caldera-forming 
eruptions (Druitt et al., 2019a) and large-scale mass-wasting events 
(Bell et al., 2013; Nomikou et al., 2016; Preine et al., 2022b). How-
ever, the influence of both processes on the formation of USBs at 
Santorini has not been resolved. In this study, we use an extensive 
collection of high-resolution multi-channel seismic data collected 
onboard R/V Poseidon (Karstens et al., 2019) and high-resolution 
bathymetric data to reconstruct the nature and origin of the USBs, 
as well as the implications for hazard assessment around Santorini. 
Our first objective is to characterize the morphology of the USBs 
and compare them with bedforms around other volcanic islands. 
Our second objective is to identify and reconstruct the processes 
controlling the formation of USBs around Santorini, including the 
relevance of pyroclastic flow deposition and slope instabilities in 
the formation of USBs. Finally, our third objective is to discuss the 
implications of USB formation on slope stability and geohazard as-
sessment for Santorini.

2. Geological background

The Hellenic Arc consists of the Methana peninsula, the is-
lands of Poros, Milos, Santorini, Kos, and Nisyros, as well as the 
submarine volcanoes of the Kolumbo volcanic chain (Fig. 1) and 
has been active from the Late Pliocene to the Holocene (Sigurds-

son et al., 2006; Nomikou et al., 2012). The Santorini caldera in 
the center of the arc is the most prominent manifestation of the 
Christiana-Santorini-Kolumbo volcanic field, hosting some of the 
largest explosive eruptions in the Mediterranean region. The CSK 
field has been active since the early Pliocene, with periodic cy-
cles of volcanism and dormancy (Preine et al., 2022a). During the 
most recent volcanic phase of Santorini since ∼0.36 Ma, there have 
been twelve major and numerous minor eruptions, as well as at 
least four caldera collapses creating the Thera Pyroclastic Forma-
tion (TPF) (Druitt et al., 1999, 2019a). The last major explosive 
eruption, known as the Late Bronze Age (LBA) or Minoan erup-
tion, occurred approximately 3600 years before present (Bond and 
Sparks, 1977; Friedrich et al., 2006; Druitt et al., 2019b) and rep-
resents the largest and most prominent event in Santorini’s history 
(Satow et al., 2021). Volume estimates for the Minoan eruption 
vary significantly between 19 and 86 km3 dense-rock equivalent 
(DRE; Heiken and McCoy, 1984; Johnston et al., 2014), while the 
latest reconstruction integrating geophysical and sedimentological 
constraints indicates a volume of 34.5 ± 6.8 km3 DRE (Karstens et 
al., 2023) making it one of the largest in the Holocene. The Mi-
noan eruption occurred in a terrestrial to shallow marine setting 
of a preexisting caldera connected to the sea. It began with ex-
plosive eruptions from onshore vents on a pre-Kameni island in 
the caldera’s center (Druitt et al., 1999; 2019b; Johnston et al., 
2014). After several hours, the eruption migrated into the flooded 
part of the caldera, where the interaction with seawater caused vi-
olent phreatomagmatic explosions and the subsequent formation 
of a tuff cone that filled up the pre-existing caldera and blocked 
the connection to the sea (Druitt et al., 1999; 2019b; Johnston 
et al., 2014). After all water in the caldera was displaced, sev-
eral cubic kilometers of pyroclastic flows entered the sea, causing 
destructive tsunamis. The subsequent caldera collapse formed the 
archipelago’s present-day topography (Druitt et al., 1999; 2019b; 
Johnston et al., 2014). Volcanism reemerged with the buildup of 
Palea and Nea Kameni islands in the caldera’s center with the lat-
est eruption in 1950 (Nomikou et al., 2014).

3. Data and methods

This study uses high-resolution multi-channel seismic profiles 
collected during research cruise POS538 on board R/V Poseidon in 
October 2019 (Karstens et al., 2020). As the seismic source, we 
used a GI-airgun in harmonic mode with a primary (Generator) 
and a secondary (Injector) volume of 45 in3. Seismic signals were 
recorded by a Geometrics GeoEel streamer with active streamer 
lengths between 190 m to 250 m. The processing flow included 
surface-related multiple elimination and pre-stack time migration. 
The data have a horizontal resolution of ∼1.56 m and a vertical 
resolution of 4-8 m at the seafloor (assuming a seismic velocity 
of 1,600 m/s). These datasets were analyzed using the seismic in-
terpretation software suites Kingdom Suite by IHS and Petrel by 
Schlumberger.

The analyzed digital elevation model is a merge (Fig. 2) of 
satellite-derived Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER), Community-sourced DEM from Eu-
ropean Marine Observation and Data Network (EMODnet), data 
acquired on board R/V Aegaeo (Nomikou et al., 2012) during GE-
OWARN project and R/V Marcus G. Langseth during the PROTEUS 
project (Hooft et al., 2017; Huff et al., 2021). The swath dataset 
has a lateral resolution of 20 m and was collected with SEABEAM 
2120 20 kHz swath system on R/V Aegaeo and Simrad Kongsberg 
EM122 12 kHz multibeam echo sounder on R/V Marcus Langseth 
and processed using the MB-SYSTEM software suite (see Nomikou 
et al., 2012; Hooft et al., 2017 for details). In addition, we use 
bathymetric data collected with an autonomous underwater vehi-
cle (AUV) during cruise POS510 (Hannington, 2018) through seven 
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Fig. 2. Shaded bathymetric map of the study area with white lines indicating the location of high-resolution seismic reflection profiles (Roman numbers) and morphologic 
profiles (pink lines, Arabic numbers) presented in Fig. 3.

dives by AUV Abyss that was equipped with the dual frequency 
(200/400 kHz) RESON Seabat 7125 multibeam. The data were pro-
cessed using the MB-SYSTEM software suite and have a lateral 
resolution of 2 m. To combine seismic and bathymetric data, we 
applied a seismic velocity of 1,500 m/s for the depth-time conver-
sion.

We extracted nine elevation profiles (Fig. 3 and Supplement 
S1) to constrain the wavelength and amplitude of the undulating 
seafloor bedforms and compared them with morphometric results 
from other volcanoes. We calculated regression curves along each 
profile and subtracted these from the original profiles to highlight 
undulations and to better constrain mean wave heights (measured 
from trough to peak) and wavelengths (measured from peak to 
peak). Finally, we compare the extracted values for Santorini with 
wave height, and wavelength values from other volcanoes on a log-
arithmic plot (Fig. 3D) based on Pope et al. (2018) and Casalbore 
et al. (2021).

4. Results

4.1. Seafloor morphology around Santorini

USBs occur on all sides of Santorini and are particularly pro-
nounced on the eastern, western, and southwestern flanks (Fig. 2). 
They formed on slopes with mean angles of 3.3◦ , are present in 
depths of approx. 100 to 700 m below sea level, and extend up to 
25 km from the caldera rim. Figure 3 shows three representative 
bathymetric profiles crossing the northern (A), southwestern (B), 

and western (C) slopes of Santorini and a logarithmic plot com-
paring USB wavelengths and wave heights from Santorini derived 
from nine bathymetric profiles (A-C and supplement S1) with USBs 
of other volcanoes (D). The USBs around Santorini have heights 
ranging from 1 to 60 m and wavelengths between 150 and 1,200 
m and most of the undulations are asymmetrical (Fig. 3). In the 
logarithmic plot, the USBs arrange linearly and lie in the region 
of large-scale bedforms (profiles 3, 4, 7, 8, 9) and the intermedi-
ate area between large- and small-scale bedforms (profiles 1, 2, 5) 
(Symons et al., 2016). The smallest wavelengths (130-550 m) and 
wave heights (1-9 m) appear in the profiles in the north (profiles 
1, 2; Fig. 3A) and the southeast (profiles 4, 5). Larger wavelengths 
(200-800 m) and wave heights (8-38 m) are found in the pro-
files in the west (profiles 7, 8) (Fig. 3B) and the south (profile 9) 
(Fig. 3D). Profile 6 in the southwest shows the longest wavelengths 
(700-1,200 m) and highest wave heights (28-62 m).

Ultra-high resolution AUV bathymetry allows for imaging of 
USBs on the northeastern flank of Santorini in great detail (Fig. 4). 
Here, we identify several concave USBs that extend from the shelf 
of Santorini towards the Anhydros Basin and form several large 
steps that we interpret as slumps (Fig. 4). Toward Santorini, there 
is a distinct, near-vertical cliff that is variably exposed, which we 
interpret to be the island shelf break. The USBs lie below this cliff 
and appear to be the result of mass movement across the cliff, 
which allows classifying them as type 2 USBs (slope-failure re-
lated) following Pope et al. (2018). We identify numerous blocks 
on the seafloor with diameters ranging from 2-15 m (see enlarge-
ments in Fig. 4). In addition, we identify several pockmarks with 
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Fig. 3. (A)–(C) Morphological profiles of Santorini’s flanks (blue line), regression curves through these profiles (dotted red line), and difference of both (green line) showing 
the wavelength and wave height of USBs. Profile 2 shows subtle USBs related to pyroclastic flows to the north (A), profile 8 shows medium-scale USBs associated with slope 
failures to the west (B), and profile 6 shows large-scale USBs associated with deep-seated deformation (C). (D) Comparison of wave height and wavelength of USBs around 
Santorini versus USBs around other volcanoes based on Pope et al. (2018) and Casalbore et al. (2021).

diameters of 20-35 m and depths of ∼2 m that could be the result 
of degassing from the volcanoclastic sediments (Fig. 4).

4.2. Seismic interpretation of USB structures

According to Preine et al. (2022a), the seismic stratigraphy of 
the basins around Santorini comprises six units of Plio-Pleistocene 
age (Figs. 5, 6). The sediments within the uppermost Unit 6 con-
sist of volcaniclastic deposits of the TPF, while Unit 5 is interpreted 
to consist mainly of hemipelagic sediments (Preine et al., 2022a). 
Towards the flanks of Santorini, interpretations of the stratigra-
phy become ambiguous since deeper units fade out. In contrast, 
the shallowest units have been deposited by the 3.6 ka Minoan 
and 22 ka Cape Riva caldera-forming eruptions (Karstens et al., 
2023). Seismic profile I extends from the northern caldera breach 
of Santorini towards the Ios shelf (Fig. 5A). The red horizon marks 
the shallowest unit around Santorini, interpreted as Minoan ign-
imbrite, which is erosive at the slope of the caldera but becomes 
conformable towards the Ios shelf (Karstens et al., 2023). The inter-
nal reflections are wavy and stacked upon each other, with some 
internal reflections indicating the thrusting of material (Fig. 5A). 

The blue horizon (h6) marks the base of Unit 6, which consists of 
a series of wavy or chaotic seismic subunits forming a thick (∼350 
m) wedge that comprises the eruptive products of the TPF (Preine 
et al., 2022a); the green horizon marks a prominent internal hori-
zon of Unit 6 (Fig. 5A).

Seismic profile II extends from the northern flank of Santorini 
towards the northeastern Christiana Basin (Fig. 5B). The Ios shelf 
forms a ridge separating the profile into two domains. To the east, 
we identify the same units described for profile I and TPF deposits 
of Unit 6 reach a thickness of ∼200 m with the Minoan Unit ly-
ing conformably on top (Fig. 5B). The profile direction is parallel 
to the local USB trend explaining the lack of surface undulation 
(Fig. 5B). West of the ridge, Unit 6 is significantly thinner (∼50 
m) or even absent which is the result of a seafloor failure com-
prising material of Unit 6 with horizon h6 acting as glide plane 
(Fig. 5B). The failed material was transported from the headwall 
over several kilometers forming a chaotic mass transport deposit 
(MTD) on top of undisturbed sediments from Unit 6 (see enlarge-
ments in Fig. 5B). The exposed glide plane and the translated 
blocks as well as the MTD cause an undulating seafloor expression 
(Fig. 5B). Seismic profile III covers a 5-km-wide channel connecting 
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Fig. 4. 3D view of high-resolution AUV bathymetry covering the northeastern slope of Santorini. The bathymetry shows marine ignimbrites from the Minoan eruption slumped 
from the island’s shelf into the neighboring Anhydros Basin. Enlargements show multi-meter-scale blocks that have been transported by the pyroclastic flows of the Minoan 
eruption.

the Santorini-Anafi Basin with the Cretan Basin south of Santorini 
(Fig. 5C). Upslope, the shallow stratigraphy comprising Units 5 and 
6 is characterized by well-stratified sediments, while Unit 6 is af-
fected by strong deformation further downslope (Fig. 5C). In this 
area, there is no seismically resolvable layer that can be associ-
ated with the Minoan eruption. The deformation causes a highly 
complex internal structure and appears to be a combination of ex-
tensional and compressional deformation leading to the undulating 
seafloor morphology.

Seismic profile IV extends from the western caldera breach into 
the Christiana Basin, where the TPF/Unit 6 has a thickness of ∼50 
m, with the Minoan deposits representing a flat and conformable 
subunit (Fig. 6A). In contrast, towards Santorini, sediments com-
prising Unit 6 (and possibly 5) are strongly deformed. Further 
upslope at profile-kilometers 13-15, large-scale USBs appear to be 
the surface expression of rotated blocks (Fig. 6A). Further south, 
the seismic profile extends from Santorini towards the southeast-
ern part of the Christiana Basin terminating against the Christiana 
edifice (Fig. 6B). Similarly, there is a pronounced contrast of the in-
ternal architecture of Unit 6 with well-stratified reflections in the 
southwestern part and strongly deformed sediments on the foot 
of the flank of Santorini (profile-km 8-13, Fig. 6B). The transition 
from both facies is highlighted by the enlargements which shows 
that the deformation affects both Unit 6 and Unit 5. Deformation 
at the flank is extensional with rotated blocks (profile-km 12-14,
Fig. 6B), while thrust structures indicate a compressional regime at 
the toe of the deformed flank segment (Fig. 6B).

Profiles VI and VII cross the southeastern margin of the Chris-
tiana Basin and highlight the pronounced flank deformation in this 
area (Fig. 6C, D). The profiles are oriented parallel to the slope 
direction (Fig. 6C, D). While profile VI shows an intact and unde-
formed slope segment (Fig. 6C), profile VII covers a failed slope 
segment less than 2 km apart (Fig. 6D). The undeformed slope 
segment consists of well-stratified sediments on the upper flanks; 
there is no indication of internal deformation in this flank seg-

ment (Fig. 6C). In marked contrast, profile VII shows the largest 
amplitudes of USBs around Santorini (up to 60 m) and the dis-
tinctive step-like bedforms show a strong indication of rotational 
deformation, indicating an extensional regime (Fig. 6D). The in-
ternal architecture of the step-like bedforms here is complex and 
backward-tilted layers lying on a well-defined basal shear surface 
can be identified (h6, Fig. 6D).

4.3. Combination of bathymetric and seismic reflection data

We combine seismic profiles with the multibeam bathymetry 
to show a 3D view of the northern flank of Santorini between 
the northern caldera breach and the Ios shelf (Fig. 7A). USBs are 
limited to the area just behind the caldera breach and have am-
plitudes of 3-12 m and wavelengths of 150-400 m (Fig. 7A). The 
bathymetry highlights that the USBs have a convex shape and ex-
tend radially along the northern caldera breach (Fig. 7A). On the 
northwestern slope of Santorini towards the Christiana Basin, USBs 
show a concave shape and are related to the erosive surface ob-
served in the seismic profile (Fig. 7B, 5B). These features have 
larger amplitudes (10-30 m) and larger wavelengths (200-600 m) 
compared to the northern flank of Santorini. Where Unit 6 is ab-
sent, the seafloor is a smooth surface, indicating that horizon h6 
marks a major lithological boundary separating consolidated sedi-
ments of Unit 5 (comprising mainly hemipelagic sediments) from 
Unit 6 (comprising mainly volcaniclastic material from the TPF; 
Preine et al., 2022a). On the southwestern flank of Santorini, the 
rotated blocks affect large areas along the slope and mid-slope 
areas (Fig. 7C). This internal deformation affects the entire strata 
of Unit 6, and, strikingly, none of these large USBs are covered 
by seismically resolvable sediment, indicating a young formation 
or reactivation age of these features or preferential non-deposition 
(Fig. 7C).
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Fig. 5. (A) Seismic profile extending from the northern breach of the caldera towards the Ios shelf with enlargements highlighting the internal architecture of the shallowest 
seismic subunit. (B) Seismic profile between the northwestern flank of Santorini and the Ios shelf. (C) Seismic profile south of Santorini extending from the Santorini-Anafi 
Basin towards the Cretan Basin. Colored lines indicates key horizons as defined in Preine et al. (2022a) and Karstens et al. (2023).

5. Discussion

5.1. Characterization of large-scale undulating seafloor bedforms 
around Santorini

Pope et al. (2018) have identified the deposition of volcanogenic 
flows and gravitationally-driven slope failure as the main processes 
controlling the formation of USBs on the submarine flanks of vol-
canic complexes. According to their classification, depositional bed-
forms (type 1) are associated with a convex planform shape and 
a relatively undisturbed internal stratigraphy. Slope failure-related 
bedforms (type 2) have a concave to linear planform shape. They 
are characterized by a chaotic internal architecture with thrust 
faults, indicating compression at the toe of the MTD, and normal 
faults, indicating extension further upslope (Pope et al., 2018).

USBs are known from many other submarine volcanoes, includ-
ing Macauley, Dakataua, Zavodovski, the Aeolian Islands, and the 
Azores (Pope et al., 2018; Casalbore et al., 2021; Chang et al., 
2022). Macauley, Dakataua, and Zavodovski volcanoes are similar 
in size to Santorini, approximately 5-15 km in diameter, lie in 
island arc settings, and have had caldera-forming eruptions that 
discharged ∼10 to 100 km3 of tephra with pyroclastic flow gener-
ation as at least one phase of each eruption (Siebert and Simkin, 
2002). USBs around these volcanoes have the largest wavelengths 
and wave heights (Fig. 3D). On the other end of the spectrum are 
USBs from the Aeolian Islands, which have smaller wavelengths 

and wave heights (Fig. 3D). While volcanism at the Aeolian Islands 
is mainly effusive, pyroclastic flow generating eruptions are known 
from Lipari, Vulcano, and Stromboli (Lucchi et al., 2013).

USBs at Santorini cover a comparably wide range of the spec-
trum with wave heights between 1 and 80 m and wavelengths be-
tween 150 and 1,200 m and plot between the Aeolian Island USBs 
and those associated with large caldera-forming centers suggesting 
that there is likely a continuum of USBs in the wave height/wave-
length domain that defines a broadly linear trend on a log/log 
plot (Fig. 3D). The smallest USB wavelengths and wave heights 
around Santorini are found on the northern slopes, where USBs 
have a convex bedform (Figs. 2, 5, 6, 7). The north flank of San-
torini has been the main depocenter of volcaniclastics from the 
TPF, and it is possible to identify the base of Minoan eruption ig-
nimbrite (Fig. 5A, 7A; Preine et al., 2022a; Karstens et al., 2023), 
that were likely deposited by pyroclastic flows (Druitt et al., 1999, 
2019b; Johnston et al., 2014). Therefore, this deposit and its sur-
ficial USBs are flow-derived depositional structures per definition 
(type 1 following Pope et al. (2018)). However, their internal archi-
tecture and seismic characteristics differ significantly from typical 
type 1 units as the Minoan ignimbrite has a somewhat chaotic 
internal architecture with coherent internal reflections indicating 
thrust faults that control the extent and location of surface undu-
lations. On the scale of the seismic resolution, there is no evidence 
of internal anti-dune-like structures resulting from bedload deposi-
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Fig. 6. Seismic profiles from the western and southwestern flanks of Santorini. (A) Seismic profile extending from the western caldera breach towards the Christiana Basin. 
The enlargement highlights an area of distinct internal deformation. (B) Seismic profile between Santorini and Christiana. The enlargement highlights a transitional zone 
between laminated and highly disturbed seismic facies of Units 5 and 6. (C), (D) Seismic profiles extending from the southwestern flank of Santorini towards the southwest 
with little (C) and intense (D) internal deformation.

tion (Figs. 5A, 7A). Therefore, USBs north of Santorini define a new 
sub-class of bedforms (e.g., type 1B) that should be added to the 
classification scheme of Pope et al. (2018).

Along Santorini’s northeastern, western, and southwestern 
slopes, the USBs’ wavelengths and wave heights increase, and seis-
mic profiles show a significant deepening of deformation beneath 
the USBs (Fig. 8A-C). To the southwest of Santorini, linear USBs 
have the largest wavelengths and wave heights (Figs. 3D, 6C, 7C) 
and have similar dimensions as those found around other vol-
canoes affected by caldera-forming eruptions (Fig. 3D). USBs in 
this area are the surface expression of km-scale rotated blocks, 
thrust structures, and heavily deformed sediments. To the south, 
east, and west of Santorini, the planform shape of the USBs is 
concave to linear (Fig. 2), and the deformation affects mainly the 
TPF with normal faults indicating extension in the upper slope of 
the profiles (Figs. 5C, 6). Their seismic stratigraphy and planform 
shape indicate slope failure as the governing formation process 

following the classification scheme of Pope et al. (2018). The AUV 
bathymetry underscores this interpretation from the northeastern 
flank of Santorini, where we can identify a distinct headwall and 
related slumps (Fig. 4). This scar seems to be related to a former 
shelf break, likely consisting of lava flows from the Peristeria vol-
cano, which defines the morphology of the northeastern side of 
Santorini (Fig. 2) (e.g., Druitt et al., 1999).

Profile V covers an area within the northwestern USBs resulting 
from a slope failure with upslope extension and compression at 
the toe (Fig. 6B). The fact that a seismically resolvable unit cov-
ers neither this area nor the USBs elsewhere suggests that the 
observed slope instabilities were active during or after the depo-
sition of the Minoan ignimbrite, which is also highlighted by the 
presence of large blocks in the AUV bathymetry (Fig. 4). The USBs 
to the south (profile 9; Fig. S1I), east (profile 8, Fig. 3B) and west 
(profile 4, Fig. S1D) of the island have intermediate wavelengths 
and wave heights (Fig. 3D) and have concave surface bedforms.
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Fig. 7. 3D views on seismic profiles combined with morphological grids of the slopes of Santorini. (A) Northern slope of Santorini viewed from the east. The rim of the 
northern caldera breach is visible on the left side. Small-scale USBs extend behind the breach. Seismic profile corresponds to Fig. 5A. (B) Northwestern flank of Santorini 
viewed from the northwest. Irregular USBs are related to slope failures of the TPF. Seismic profile corresponds to Fig. 5B. (C) Southwestern flank of Santorini viewed from 
the south. USBs are related to rotated blocks. Seismic profile corresponds to Fig. 6D.

The comparison of USBs at Santorini indicates that USBs be-
come larger with increasing internal deformation (Fig. 3D). The 
TPF has a thickness of 300 ms TWT on Santorini’s northern flank 
(Fig. 5A), where USBs have the smallest dimensions, while the 
thickness of the TPF is less than half on all other flank segments, 
where USB dimensions are larger. However, these flank segments 
have steeper slope angles compared to the northern flank, which 
is considered a critical feature, as slope angle directly affects the 

safety factor favoring slope failure at the steepest part of the slope 
in response to gravity and seismic loading (Puzrin et al., 2015). 
This is in agreement with observations at Santorini, where the 
most pronounced USBs develop at the northeastern and south-
western flanks (Figs. 4–7), where the slope is the steepest, and 
with observations from other geological settings indicating that 
slope angle is the dominant factor for slope stability (Miramontes 
et al., 2018).
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Fig. 8. (A) Morphological map of Santorini highlighting USBs, major surficial faults from Nomikou et al. (2018) and Preine et al. (2022a), deep faults from Heath et al. (2019), 
as well as the thickness of the deformation. 3D view on the southwestern flank of Santorini from the Christiana basin with major faults and seismic profiles shown in (C). 
(C) 3D view from the same viewpoint combining seismic profiles and bathymetry illustrating how deformation deepens towards the southeast correlating with major faults. 
Profile H48-50 is from another survey (POS338; Hb̈scher et al., 2006). See Preine et al., 2022b for acquisition and processing details.

5.2. Formation of undulating seafloor bedforms during the Minoan 
eruption

5.2.1. Entrance of Pyroclastic flows into the Sea
Caldera-forming eruptions like the Minoan event can generate 

enormous volumes of volcaniclastic sediment reaching up to hun-
dreds of cubic kilometers of material (e.g., Carey and Sigurdsson, 
1989; Legos and Druitt, 2000; Freundt, 2003). The material can be 
delivered to the marine environment by fallout through the wa-
ter column, or sediment gravity flows that typically originate as 
pyroclastic flows and surges (Carey and Schneider, 2011). There is 
only limited information about the timing and duration of pyro-
clastic flow discharge at Santorini. Still, a recent seismic analysis 
suggests that the volume may have been as much as 6.9 ± 2 km3

DRE of pyroclastic material (Karstens et al., 2023). Such a large vol-
ume of volcaniclastics entering the sea, essentially instantaneously, 
would have had a significant impact on the seafloor. The analy-

sis of sediment cores around Santorini indicates the presence of 
ground-based flow deposits extending tens of kilometers towards 
the east of Santorini, deposited before co-ignimbrite ash settled on 
top (Karstens et al., 2023). This suggests that pyroclastic flow dis-
charge occurred over hours rather than weeks indicating that py-
roclastic flow discharge rates of the Minoan eruption and the 1883 
Krakatau eruption, during which 14 km3 of dacitic magma were 
deposited over the period of one day (Sigurdsson et al., 1991a,b), 
likely were similar.

At Krakatau, major underwater pyroclastic flows formed a de-
posit up to 80 m thick that extended up to 80 km from the volcano 
(Carey et al., 1996). The presence of USBs at Krakatau is currently 
unknown due to a lack of high-resolution bathymetric data. An 
omnidirectional deposition of pyroclastic flows during the Minoan 
eruption can be inferred from the great thicknesses of onshore py-
roclastic flow deposits on the coasts of Santorini, where enormous 
volumes of pumice and ash must have entered the sea (Druitt et 
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al., 2019b). This agrees with analogue volcanic jet experiments of 
the collapse of a particle-laden plume to simulate pyroclastic flow 
formation resulted in the deposition of concentric sediment ridges 
around the plume source resembling the USBs observed at San-
torini (Gilchrist and Jellinek, 2021; Gilchrist et al., 2023). These 
authors suggested that the sediment waves surrounding Santorini 
may have formed by concentric discharge of material during plume 
collapse. Our results do not support the notion that the Santorini 
USBs are purely depositional in nature, as we describe below.

The seismic stratigraphy of Minoan deposits to the north of 
Santorini allows an analysis of the depositional processes control-
ling USB formation (Figs. 5A and 7A). USBs of the northern deposit 
fan correlate with internal thrust structures, indicating a compres-
sional regime at the toe of the slide (Frey-Martínez et al., 2006). 
Such structures are often found in spatially confined MTDs world-
wide (e.g., Sakar Island, Kühn et al., 2021 or offshore Montserrat, 
Watt et al., 2012). However, the Minoan ignimbrite was emplaced 
unconfined in the north, and we suggest that thrusting devel-
oped as the result of loss of kinematic energy during emplacement 
(Frey-Martínez et al., 2006), causing the leading flow segment to 
decelerate due to interaction with the substrate and the follow-
ing material to push into it (Fig. 8B). These USBs have the smallest 
wave heights and shortest wavelengths of all USBs around San-
torini (Fig. 3).

5.2.2. Instability of volcaniclastic deposits
Apart from the northern flank, nearly all USBs around Santorini 

result from deformation processes, i.e., slope failures. Earthquakes 
generate horizontal and vertical accelerations that increase shear 
and normal stresses and therefore are possible triggers for such de-
formation (Hampton et al., 1996). Strong, shallow earthquakes are 
a common feature associated with large-scale explosive eruptions, 
especially when the foundering of the volcanic edifice leads to 
the generation of a caldera (Yokoyama, 2001; Stix and Kobayashi, 
2008). Earthquakes with magnitudes of 7 have been inferred for 
the 1815 eruption of Tambora in Indonesia and the 1912 erup-
tion of Mt. Katmai in Alaska (Yokoyama, 2001; Abe, 1992). More 
recently, the smaller eruption of Mt. Pinatubo in 1994 was associ-
ated with an earthquake of magnitude 5.7 (Mori et al., 1994), and 
a correlation between earthquake magnitude and caldera collapse 
volume has been suggested (Abe, 1979). During the Minoan erup-
tion, the caldera floor dropped by almost 600 m (Johnston et al., 
2014) with a caldera collapse volume of ∼33 km3 (Karstens et al., 
2023). Significant earthquakes likely accompanied this event.

Hurlimann and Marti (2000) analyzed the magnitude of an 
earthquake necessary to generate significant slope failure on the 
sides of a caldera-forming volcanic center. They calculated that 
even a comparably small earthquake with magnitude Mw 5 cen-
tered at a caldera could trigger slope failures. Although such calcu-
lations are difficult to generalize or to transfer to Santorini directly 
as slope angle, shear strength and thickness of sediments con-
trol slope stability, it appears plausible that seismic shaking was a 
contributing factor in the formation of deformational USBs at San-
torini. Type 2 USBs, including those around Santorini, share mor-
phological characteristics known from subaqueous MTD affected 
by spreading (e.g., the Storegga Slide), which in many cases are 
triggered by earthquakes causing liquefaction or strain softening 
along a lithologically defined glide plane (Micallef et al., 2007; 
Bucci et al., 2022). The boundary between the TPF and the un-
derlying hemipelagic sediments northwest (h6 in Fig. 5B; Preine et 
al., 2022a) or older lava flows northeast of Santorini (Fig. 4) ap-
pears to have acted as glide planes for USBs related to surficial 
deformation around Santorini. The mainly pyroclastic deposits of 
the TPF are expected to have a low effective stress governed by 
the low density of pumice clasts (Wiemer and Kopf, 2017). The 
combination of intense seismic shaking and rapid deposition of 

Fig. 9. Illustration of the development of USBs on Santorini’s flank. (A) Phase 1 of 
the eruption initiated with a subaerial eruption from an onshore vent in the Caldera 
(Druitt et al., 2019b) with pre-exiting deep-seated deformation at the southern 
flank. (B) Deposition of pyroclastic flows during Phases 2 and 3 of the eruption 
forming depositional USBs on the northern flank of the island. (C) Caldera collapse 
during Phase 4 of the eruption triggering slope instabilities and reactivating deep-
seated deformation.

large amounts of material on top of deposits of low shear strength 
on steep slope gradients can explain the formation of slope insta-
bilities and the creation of deformational USBs around Santorini 
during the Minoan eruption (Fig. 9B, C). Evidence for this process 
can be observed to the south, east, and west of Santorini, where 
slope failure, even locally, caused an evacuation of the slide plane 
(Figs. 5B, 7B) or exposed the headwall (Fig. 4). These USBs have 
larger dimensions than those primarily attributed to deposition of 
pyroclastic flows (Fig. 3).

5.2.3. Deep-seated deformation of the volcanic edifice
In terms of sediment depth, the deformation of volcanic de-

posits on the northwestern flank of Santorini is comparably shal-
low, but becomes significantly deeper towards the southwestern 
flank of the island (Fig. 8A). The lateral extent of this deep-seated 
deformation correlates with the Christiana Fault (F1 in Fig. 8B), 
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which stretches from the sidewall of a sector collapse at Christiana 
(Preine et al., 2022b) towards the northeast and continues on the 
western slope of Santorini. This fault correlates with a topographic 
step in the seafloor (Figs. 2, 8). It defines the boundary between 
an area with smooth morphology with minor USBs to the NW 
and a significantly more rugged terrain with large amplitude/wave-
length USBs to the SE in the Christiana Basin (Figs. 2, 8). This 
morphology results from extension along rotational normal faults 
on Santorini’s slope and a compressional regime leading to thrusts 
in the Christiana Basin (Figs. 6B, 6C). Towards the southwest, an 
additional morphological step coincides with faults (F2) control-
ling the segmentation of Christiana Basin sedimentary infill (Preine 
et al., 2022b). A major normal fault (F3) defines the southeast-
ern boundary of the Christiana Basin (Fig. 8) following the regional 
SW-NE fault trend (Hooft et al., 2017; Nomikou et al., 2018; Preine 
et al., 2022c). This suggests that rift tectonics affect the slopes of 
Santorini and control the deep-seated deformation, which is only 
observed in front of the southwestern flanks of the volcanic edi-
fice. Strikingly, this area between Santorini and Christiana marks 
the intersection of the former Pliocene ESE-WNW striking tectonic 
regime and the new NE-SW directed fault trend that emerged in 
Early Pleistocene and shaped the Santorini-Amorgos Tectonic Zone 
northeast of Santorini (Heath et al., 2019; Preine et al., 2022c). This 
new fault trend seems to continue underneath Santorini, and the 
intersecting fault trends define the area affected by deep-seated 
deformation (Fig. 8; Heath et al., 2019; Preine et al., 2022c).

Deep-seated deformation within volcanic edifices is known 
from many volcanoes worldwide, including Mount Etna, Kilauea, 
and Piton de Fournaise, where the interplay between volcanic rifts, 
gravitational instability, and regional tectonics appear to play a 
significant role (Poland et al., 2017). In the case of Etna, defor-
mation controlled by major fault systems is an active process mea-
sured in the onshore and offshore domains that appear to occur 
(at least temporally) independent from volcanic activity (Urlaub et 
al., 2018). Deep-seated deformation of volcanic edifices received 
major attention with the 2018 sector collapse of Anak Krakatau, 
for which the analysis of Interferometric Synthetic Aperture Radar 
(InSAR) revealed that the volcanic edifice slowly deformed before 
the catastrophic collapse (Walter et al., 2019). Similar observations 
have been made for the 1888 Ritter Island sector collapse based 
on seismic data (Karstens et al., 2019), where deep-seated defor-
mation caused instability of the volcanic edifice that formed USBs 
with thrust structures similar to those observed in the Christiana 
Basin. At Ritter Island, a small volcanic cone buttressed the ac-
tively deforming flank and caused the formation of a stable toreva 
block separating the two catastrophically failed flank segments 
(Karstens et al., 2019). The active opening and thus extension of 
the Christiana Basin likely has had a contrasting effect, resulting 
in debuttressing and facilitating structural instability of Santorini’s 
southwestern flank. The USBs at this flank segment have the by far 
largest wave heights and wavelengths of all bedforms around San-
torini indicating a direct correlation between internal deformation 
and slope angles with USB dimensions (Fig. 3).

The increase of deformation with depth suggests that deep-
seated deformation at Santorini is a long-term process that initi-
ated before the Minoan eruption. Previous major caldera collapses 
like that during the 21 ka BP Cape Riva eruption and ground accel-
eration associated with major tectonic earthquakes in neighboring 
rift basins had likely a significant impact on the development of 
the observed slope instabilities (Fig. 9C). Since there is no evidence 
for seismically resolvable draping of the USBs their formation or 
reactivation occurred during or after deposition of the Minoan de-
posits. This suggests that a major pulse of deep-seated deformation 
likely accompanied caldera collapse during the Minoan eruption.

5.3. Implications for slope stability and geohazard assessment at 
Santorini

The Minoan eruption is associated with a significant tsunami, 
whose deposits have been identified on the surrounding islands, 
on the northern coast of Crete, and as far as Turkey and Israel 
(Bruins et al., 2008; Novikova et al., 2011; Lespez et al., 2021; 
Paris et al., 2022). There is an ongoing debate about the tsunami 
source mechanisms during the Minoan eruption, with caldera col-
lapse and the emplacement of pyroclastic flows being the primary 
candidates in the publications above. At the same time, slope in-
stabilities have not received much attention because they were not 
resolved before this study. Here, we suggest that the slope insta-
bilities on the flank of Santorini formed or have been reactivated 
during the Minoan eruption. Such widely distributed deformation 
likely would have had a significant tsunami potential as demon-
strated by the sector collapse of Anak Krakatau in 2018, during 
which a comparably small slide volume of ∼0.3 km3 triggered 
a devastating tsunami at the coasts surrounding the Sunda Strait 
(Grilli et al., 2019). The deep-seated deformation between F2 and 
F3 alone affects sediments with a volume of ∼2 km3 (Fig. 7). 
Considering that type 2 USBs are found on all sides of Santorini 
in shallow water depths of less than 500 m implies a signifi-
cant tsunami potential during USB formation. We suggest that a 
combination of slope instabilities and the potential simultaneous 
deposition of 6.9 ± 2 km3 DRE of pyroclastic material (Karstens 
et al., 2023) could explain the large size of the Minoan tsunami. 
Bathymetric data from Hunga Tonga Hunga Ha’apai (HTHH) show 
indications for USBs on the flank of the volcano and in the neigh-
boring basin (Seabrook et al., 2023). The USBs on the eastern flank 
of HTHH have a wave height of ∼70 m and a wavelength of 1 
to 2 km and thus have similar dimensions as those associated 
with deep-seated deformation at Santorini. Whether this is a re-
sult deep-seated syn-eruptive deformation of the flanks of HTHH 
remains speculative until seismic reflection data is available.

Except for a phase of unrest accompanied by inflation from 
2011 to 2012, the Santorini caldera floor is experiencing subsi-
dence (Parks et al., 2015) and there are currently no indications for 
magma migration in the underground. However, catastrophic col-
lapses of unstable volcanic flanks are not always related to volcanic 
activity (Van Wyk de Vries and Francis, 1997). Santorini is located 
in one of Europe’s most tectonically-active regions, which hosted 
the tsunamigenic 1956 Mw 7.5 and 7.2 earthquakes (Brüstle et al., 
2014). If an earthquake with a similar magnitude occurred in the 
direct vicinity of the Santorini edifice, ground acceleration could 
reactivate the surficial slope instabilities surrounding Santorini, 
particularly on the southwest flank. At Kilauea, intense slip along 
the detachment of the Hilina slump was repeatedly associated with 
large-scale earthquakes like the 2018 Mw 6.9 and the tsunami-
genic 1975 Mw 7.7 earthquakes (Lin and Okubo, 2020). The reacti-
vation of the deep-seated deformation at Santorini’s southwestern 
flank might have a significant, so far unrecognized tsunamigenic 
potential. As the zone of instability is entirely submerged, it can-
not be monitored using satellite-based InSAR measurements. Addi-
tional marine seismic measurements and seafloor-based geodetic 
measurements like those applied at the submerged flank of Mt 
Etna (Urlaub et al., 2018) are required to evaluate the current state 
of the flank.

6. Conclusions

An integrated analysis of high-resolution seismic reflection pro-
files and bathymetric data led to the differentiation of three types 
of undulating seafloor bedforms (USBs) and their formational pro-
cesses around the Santorini volcanic complex in the Aegean Sea. 
USBs to the north of the islands have the lowest amplitudes and 
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wavelengths and formed within pyroclastic flow deposits from the 
3.6 ka Minoan eruption. The undulations likely result from thrust-
ing, caused by deceleration of the leading part of submarine flows 
during emplacement. This represents a new sub-type of deposi-
tional bedforms, adding to the classification scheme by Pope et al. 
(2018). USBs to the west and northeast of Santorini are associated 
with slope failures that include Minoan deposits and volcaniclastic 
material from the entire Thera Pyroclastic Formation. These USBs 
and related collapse structures are not covered by material from 
the Minoan eruption, indicating that they have formed after the 
main phase of pyroclastic flow discharge. Southwest of Santorini in 
the Christiana Basin, USBs have the highest amplitudes and wave-
lengths and are associated with deep-seated deformation extend-
ing to at least 200 m below the seafloor. The deep-seated deforma-
tion spatially correlates with the intersection between Pliocene and 
present-day rift structures. A lack of mantling of the deep-seated 
USBs by Minoan deposits indicates that they have been formed, or 
more likely reactivated, during the Minoan eruption. Our results 
show that USB formation during the Minoan eruption is complex 
and likely the result of several processes, rather than solely being 
a depositional phenomenon associated with eruption column col-
lapse (Gilchrist et al., 2023).

The common occurrence of USBs on the seafloor surrounding 
submarine and partially emergent calderas, particularly in subduc-
tion zone environments, suggests that specific volcanological and 
tectonic processes favor their formation. A characteristic feature 
of the undulating bedforms found on the slopes of large calderas 
is their radial distribution around the entire volcanic complex. 
Large-volume explosive eruptions that generate calderas in sub-
marine/subaerial arc settings, such as Santorini’s Minoan eruption, 
provide insights into the origin of concentrically distributed USBs. 
We suggest that a cascading series of events favor their forma-
tion during caldera-forming eruptions that include rapid loading 
of loose, unconsolidated pyroclastic material on submarine flanks, 
contemporaneous failure of such material due to associated large-
scale seismic activity, and the activation of deeper-seated struc-
tural elements of complex caldera centers that are geodynamically 
controlled by local tectonics. The occurrence of large-scale USBs 
encircling a submarine or partially emergent caldera is likely to be 
a signature of previous large-scale explosive eruptions that have 
discharged tens to hundreds of cubic kilometers of magma.

From a hazard perspective, pyroclastic flow emplacement and 
slope failures are fundamental tsunami source mechanisms during 
volcanic eruptions. While the devastating tsunami associated with 
the Minoan eruption of Santorini has previously been attributed to 
the submarine emplacement of several cubic kilometers of pyro-
clastic flows, widespread slope failures have not been considered 
a tsunami source mechanism. It appears plausible that both pro-
cesses acted synchronously during the Minoan eruption, which 
most likely increased the magnitude of the resulting tsunami. This 
also highlights the potential of USBs as indicators of tsunamigenic 
processes during past eruptions. Further combined seismic and 
morphologic surveys of large-scale marine volcanoes are necessary 
to evaluate whether the observations from Santorini can be applied 
to other major eruptions.
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