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Abstract Located on the Hellenic Arc, the Christiana-Santorini-Kolumbo (CSK) rift zone represents one
of the most active and hazardous volcano-tectonic systems in the Mediterranean. Although this rift zone has
been intensively studied, its tectonic evolution and the interplay of volcanism and tectonism are still poorly
understood. In this study, we use high-resolution reflection seismic imagery to reconstruct the opening of the
rift basins. For the first time, we relate the activity of individual faults with the activity of specific volcanic
centers in space and time. Our analysis shows a pre-volcanic NNE-SSW-oriented paleo basin underneath

the CSK volcanoes, representing a transfer zone between Pliocene ESE-WNW-oriented basins, which was
overprinted by a NE-SW-oriented tectonic regime hosting Late Pliocene volcanism that initiated at the
Christiana Volcano. All subsequent volcanoes evolved parallel to this trend. Two major Pleistocene tectonic
pulses preceded fundamental changes in the volcanism of the CSK rift including the occurrence of widespread
small-scale volcanic centers followed by focusing of activity at Santorini with increasing explosivity. The
observed correlation between changes in the tectonic system and the magmatism of the CSK volcanoes suggests
a deep-seated tectonic control of the volcanic plumbing system. In turn, our analysis reveals the absence of
large-scale faults in basin segments affected by volcanism indicating a secondary feedback mechanism on the
tectonic system. A comparison with the evolution of the neighboring Kos-Nisyros-Yali volcanic field zone and
Rhodos highlights concurrent regional volcano-tectonic changes, suggesting a potential arc-wide scale of the
observed volcano-tectonic interplay.

Plain Language Summary How do regional tectonic movements and large volcanoes interact?
Seismological studies indicate complex volcano-tectonic feedback links, but, so far, information on the
long-term interactions between tectonics and volcanism is rarely available. The Christiana-Santorini-Kolumbo
(CSK) rift zone lies in the Aegean Sea and is notorious for its devastating volcanic eruptions, earthquakes, and
tsunamis. This region offers the opportunity to study volcano-tectonic interactions over several million years.
In this study, we use high-resolution seismic imagery to reconstruct the evolution of the rift basins and the CSK
volcanoes. We find that all volcanoes lie in a Pliocene transfer zone connecting extensional basins. Volcanism
initiated as this older tectonic regime was intersected by a NE-SW-directed fault system. Subsequently, all
volcanoes evolved parallel to this trend. Several distinct tectonic reorganizations occurred in the Pleistocene,
which had a pronounced influence on the CSK volcanoes. In turn, our analysis indicates that the emergence

of volcanism also impacted the tectonic evolution of the rift system hindering the evolution of large-scale
normal faults in the volcanic basins. The observed tectonic reorganizations seem to reflect major changes in the
stress regime of the Hellenic Arc, potentially also affecting adjacent volcanic centers whose volcano-tectonic
evolution is only poorly constrained so far.

1. Introduction

The interplay of volcanism and tectonism has shaped many volcanic systems across the world (Acocella, 2021).
Regional tectonics weakens the crust through increased faulting and fracturing creating pathways for magmatic
fluids to ascend to the surface, although the controlling mechanisms remain elusive (e.g., Hill et al., 2002; Manga
& Brodsky, 2006). Our current knowledge of volcano-tectonic feedback mechanisms is based mostly on the inter-
play of earthquakes and volcanic eruptions on time scales ranging from minutes to decades by direct observations
or historic records (e.g., Manga & Brodsky, 2006; Watt et al., 2009). These studies revealed that tectonic move-
ments can change stress levels in the crust and the underlying mantle, influencing production and ascent rates, as
well as sizes and explosivities of eruptions. In turn, volcanism can alter the stress of the crust by accommodating
extensional strain and inhibiting the formation of faults (Faulds & Varga, 1998) highlighting complex feedback
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mechanisms between tectonics and volcanism that involve a competition between magmatic and tectonic strain
accommodation (e.g., Acocella & Trippanera, 2016; Keir et al., 2006; Wilson et al., 2019). However, the dynam-
ics of long-term interactions (>100 ka) between tectonics and magmatism are less well understood, since they
require knowledge of the past dynamics of the tectonic stress field and the volcanic behavior, which are rarely
available (Giba et al., 2013). Therefore, our current knowledge about the influence of regional, long-term tectonic
stress regimes on volcanic plumbing systems and vice versa remains immature.

Located on the Hellenic Volcanic Arc in the southern Aegean Sea (Figure 1a), the Christiana-Santorini-Kolumbo
(CSK) volcanic field (Figure 1c) offers the opportunity to study the interaction of a back-arc rift zone and its
volcanic plumbing system over the course of more than 2 million years (Piper et al., 2007; Preine, Karstens,
Hiibscher, Nomikou, et al., 2022). Here, the history of volcanism and rift evolution is recorded in the sedimentary
basins, which have been the target of numerous geophysical surveys in recent decades. These studies analyzed
the seafloor morphology of the area (e.g., Hooft et al., 2017; Nomikou, Hiibscher, et al., 2018) as well as the
upper crustal structure of the rift zone (Heath et al., 2019, 2021; Hooft et al., 2019; McVey et al., 2020; Schmid
etal., 2022), the seismostratigraphy of the rift basins (e.g., Hiibscher et al., 2015; Nomikou, Hiibscher, et al., 2016;
Nomikou, Hiibscher, et al., 2018; Nomikou et al., 2019; Preine, Karstens, Hiibscher, Crutchley, et al., 2022),
and the spatio-temporal evolution of the CSK volcanic centers (Figure 1b) (e.g., Hiibscher et al., 2015; Preine,
Karstens, Hiibscher, Nomikou, et al., 2022). However, until now, reconstructions of the tectonic evolution of
the rift basins have been lacking, which are crucial to identifying volcano-tectonic feedback mechanisms at
the CSK rift zone. Understanding these interactions is critical to enable an accurate hazard assessment for the
eastern Mediterranean to which the CSK field poses a major threat having produced devastating events such as
the iconic Minoan eruption approx. 3,600 years ago (Druitt et al., 2019; Johnston et al., 2014; Nomikou, Druitt,
et al., 2016) or the tsunamigenic 1956 magnitude 7.4 Amorgos earthquake (Figure 1c) (Briistle et al., 2014;
Nomikou, Hiibscher, et al., 2018).

In this study, we utilize an extensive collection of high-resolution reflection seismic data to map the distribution
of seismostratigraphic units and the activity of faults throughout the entire CSK rift zone. In addition, we use
horizon flattening to reconstruct the evolution of individual basins. Our objectives are to (a) reconstruct the
tectonic evolution of specific rift basins, (b) relate the tectonic evolution of the rift system to the volcanic evolu-
tion of the CSK centers, (c) investigate volcano-tectonic feedback mechanisms, and (d) link these findings to the
large-scale evolution of the eastern Hellenic Arc.

2. Geological Framework
2.1. Tectonic Background

The Hellenic Arc in the southern Aegean Sea represents the seismically and volcanically most active region
in the Mediterranean Sea (Figure 1a) (Bohnhoff et al., 2006). Formed as the consequence of the subduction of
the African plate beneath the Eurasian plate, the Hellenic Arc is an arcuate belt reaching from the Adriatic Sea
towards western Anatolia, where it transitions into the Cyprus arc (Figure 1a) (e.g., Le Pichon & Angelier, 1979;
Royden & Papanikolaou, 2011). Since the Late Miocene, the Hellenic Arc has stepped southwards and increased
in curvature, leading to enhanced extension and intensive internal deformation of the Aegean microplate (e.g.,
ten Veen & Kleinspehn, 2002). These processes have been attributed to the rollback of the subducted African
slab induced by the downwards pull of the subducted African slab (e.g., Le Pichon & Angelier, 1979; Le Pichon
& Kreemer, 2010), gravitational forcing associated with overthickened Alpine crust (e.g., Jolivet, 2001), and
westward movement of the Anatolian plate (Le Pichon & Kreemer, 2010; Taymaz et al., 1991). The interplay of
these processes produced the complex neotectonic horst and graben structures of the Cycladic islands (Le Pichon
& Kreemer, 2010; Royden & Papanikolaou, 2011), where crustal thicknesses range from 20 to 30 km, compared
to 40-50 km under mainland Greece and Turkey (Zhu et al., 2006).

The Aegean crust consists of metamorphic rocks belonging to the Attico-Cycladic complex, formed as a result
of compressional orogeny in the early Cenozoic (Piper et al., 2007). During Miocene to Pliocene, N-S-directed
extension led to basin subsidence in the southern Aegean forming multiple basins bounded by E-W-directed
listric normal faults (Anastasakis & Piper, 2005; Piper et al., 2007). Increasing curvature of the Hellenic Arc
led to counterclockwise rotation of the eastern segments of the Aegean in the Pliocene and Pleistocene, e.g. at
Rhodos (Figure 1a) (Van Hinsbergen et al., 2007). This was accommodated by major arc-normal and arc-parallel
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Figure 1. (a) Southern Aegean Sea and major structural features of the Hellenic Arc. Modified from Jolivet et al. (2013), Bocchini et al. (2018), and Preine

et al. (2020). Red rectangle shows the study area. (b) Illustration of the spatio-temporal evolution of the CSK volcanic field with estimated ages of major volcanic units,
unconformities (h1-h6), and seismostratigraphic units (U2-U6). Modified from Preine, Karstens, Hiibscher, Nomikou, et al. (2022). TPF: Thera Pyroclastic Formation;
K1-K5: Kolumbo eruptions. (¢) Morphological map of the CSK rift zone showing islands, basins, volcanic centers, and major extensional structures after Nomikou,
Hiibscher, et al. (2016); Nomikou, Hiibscher, et al. (2018); Nomikou et al. (2019) and Preine, Karstens, Hiibscher, Crutchley, et al. (2022). Bathymetry from Nomikou,
Hiibscher, et al. (2018); Nomikou et al. (2012, 2013, 2019) and Hooft et al. (2017). Topography from the Hellenic Military Geographic Service. Gray lines show all
seismic profiles, white lines indicate the locations of seismic profiles shown in Figure 2. Red lines indicate faults, and purple lines indicate the Kameni and Kolumbo
Lines. Yellow star indicates the location of the first Amorgos 1956 earthquake from Okal et al. (2009). Dashed black circle indicate location of buried Poseidon center
(Preine, Karstens, Hiibscher, Nomikou, et al., 2022). KVC: Kolumbo Volcanic Chain; KoL: Kolumbo Line; KalL: Kameni Line; AF: Anafi-Fault; AmF: Amorgos Fault;
AnF: Anhydros Fault; AsF: Astypalaea Fault; IF: Tos Fault; SAF: Santorini-Anafi Fault.
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extension in the back-arc and forearc Aegean region leading to the formation of NE-SW directed fault systems
(e.g., Bocchini et al., 2018; Gautier et al., 1999; Papazachos, 2019; Van Hinsbergen & Schmid, 2012). Prom-
inent examples of these fault systems are the deep Ptolemy, Pliny, and Strabo Trenches in the forearc region
(Figure 1a), or the prominent Santorini-Amorgos Tectonic Zone (SATZ) in the back-arc region (Figure 1c)
(Nomikou, Hiibscher, et al., 2018).

Located in the center of the Hellenic Arc, the 100 km long and 45 km wide CSK rift zone represents a major
structural boundary separating the Hellenic Arc into a volcanically and tectonically active eastern and a quiet
western part (Bohnhoff et al., 2006). It is situated at the junction of the Christiana Basin in the west and the
SATZ in the east (Figure 1c). The northeastern basins (Anhydros, Santorini-Anafi, and Amorgos) are NE-SW
striking grabens and half-grabens with sediment infill up to 1,400 m thick that are bounded by major exten-
sional to transtensional faults with fault throws exceeding 2,000 m (Figure 1c) (Bohnhoff et al., 2006; Hiibscher
et al., 2015; Nomikou, Hiibscher, et al., 2016; Nomikou, Hiibscher, et al., 2018; Preine et al., 2020). The Anhy-
dros Basin contains the submarine Kolumbo Volcano and the Kolumbo Volcanic Chain (Figure 1c), whereas the
Santorini-Anafi and Amorgos Basins lack volcanoes (Figure 1c). Opening of these basins occurred in multiple
episodes of enhanced rift activity, so-called ‘tectonic pulses’ (Hiibscher et al., 2015; Preine, Karstens, Hiibscher,
Crutchley, et al., 2022). The Anhydros and Anafi Basins each contain six seismostratigraphic units separated by
onlap surfaces while the Amorgos Basin only contains the uppermost four units (Hiibscher et al., 2015; Nomikou,
Hiibscher, et al., 2016; Nomikou, Hiibscher, et al., 2018; Nomikou et al., 2019).

Southwest of Santorini lies the Christiana Basin, which hosts the Christiana Volcano and several volcanic domes
(Figure 1c) (Hooft et al., 2017; Nomikou et al., 2013). This basin is assumed to have formed prior to the basins
NE of Santorini under an older E-W striking fault system (Heath et al., 2019; Piper et al., 2007; Preine, Karstens,
Hiibscher, Nomikou, et al., 2022). However, recent studies have shown that the NE-SW-directed fault trend of the
northeastern rift basins continues underneath Santorini, with a prominent fault extending from Santorini towards
Christiana (Figure 1c) (Heath et al., 2019; Preine, Karstens, Hiibscher, Nomikou, et al., 2022; Preine, Karstens,
Hiibscher, Crutchley, et al., 2022). Approx. 0.7 Ma ago, the entire rift system was affected by an intensive tectonic
pulse, triggering a cascade of sector collapses and secondary mass-wasting events at Christiana and Santorini
(Figure 1b) (Preine, Karstens, Hiibscher, Crutchley, et al., 2022).

2.2. Volcanic Background

The present-day Hellenic Volcanic Arc initiated 3—4 Ma ago and stretches from the Gulf of Saronikos in the west
through Milos, the CSK field, to the Kos-Nisyros-Yali complex in the east (Figure 1a) (e.g., Nomikou et al., 2013;
Pe-Piper & Piper, 2007). The CSK field comprises the extinct Christiana Volcano, the Santorini Caldera, the poly-
genetic submarine Kolumbo Volcano, as well as the Kolumbo Volcanic Chain (Figure 1¢) (Nomikou et al., 2019;
Preine, Karstens, Hiibscher, Nomikou, et al., 2022). Having produced over 100 explosive eruptions in the last
360 kyrs, the CSK field is one of the most hazardous volcanic systems in Europe (Druitt et al., 1999). At least
four major caldera-forming eruptions have occurred at Santorini, with the most recent caldera-forming eruption,
the 3,600 ka “Minoan” eruption, being considered one of the largest in the Holocene (e.g., Druitt et al., 1999;
Johnston et al., 2014; Nomikou, Druitt, et al., 2016).

The CSK field is assumed to have evolved during four main phases of volcanic activity (Figure 1b) (Preine,
Karstens, Hiibscher, Nomikou, et al., 2022). The first phase initiated in the Pliocene with the formation of the
Christiana volcano, which became inactive at ~1.6 Ma (Figure 1b) (Heath et al., 2019; Piper et al., 2007; Preine,
Karstens, Hiibscher, Nomikou, et al., 2022). In the second phase, volcanism aligned NE-SW and focused on
the early Kolumbo and the Poseidon centers (Figure 1b) (Hiibscher et al., 2015; Preine, Karstens, Hiibscher,
Nomikou, et al., 2022). Both centers produced volcanoclastic deposits that are intercalated within the sedimen-
tary strata of the hosting Christiana and Anhydros Basins. A distinct change in the volcanic behavior occurred
at ~0.7 Ma after the Santorini mass-wasting cascade occurred that transported up to 125 km3 of sediments
from Christiana and Santorini into the surrounding basins (Figure 1b) (Preine, Karstens, Hiibscher, Crutchley,
et al., 2022). Afterward, in the third phase, volcanism occurred throughout the entire CSK field forming a series
of volcanic cones, as well as the onshore exposed Akrotiri rhyolitic centers, the Peristeria stratovolcano, and
the Akrotiri cinder cones (Figure 1b) (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). Another pronounced
change in the volcanic system occurred in the fourth phase approx. 360 ka ago, when volcanism focused on
the northern part of Santorini and became highly explosive while Kolumbo remained active (Figure 1b). The
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products of Santorini during this last and ongoing phase are referred to as the Thera Pyroclastic Formation and
are largely exposed on the caldera cliffs (Figure 1b) (Druitt et al., 1999). Offshore, these deposits are recognized
as a very thick (~350 m) wedge north of Santorini that thins out towards the Anhydros Basin and the Christiana
Basin (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). This latest phase correlates to a distinct change in
the primitive-melt diversity that occurred between ~360 ka and 224 ka (Flaherty et al., 2022). Volcanism during
this latest phase focused on the Kolumbo and Kameni Lines (Figure 1c), which bound a low-velocity anomaly
interpreted as a shallow magma body at 3—5 km depth (Heath et al., 2019; Hooft et al., 2019; McVey et al., 2020).

3. Methods

During six cruises between 2006 and 2019, we collected an extensive dataset of over 3,200 km of high-resolution
multi- and single-channel seismic data (Figure 1c) (Hiibscher et al., 2006; Karstens et al., 2020; Sigurdsson
et al., 2006). For all multichannel seismic profiles, we applied multiple removal by means of surface-related
multiple elimination and pre-stack time migration. See Supporting Information S1 for more details regarding
the acquisition and processing of the seismic data. All processed seismic profiles were combined into an inter-
pretation project using KingdomSuite software. Here, we established the stratigraphic framework (Figure 2)
(following the nomenclature in Preine, Karstens, Hiibscher, Nomikou, et al., 2022), mapped seismic units, and
created isochron maps (vertical thickness in two-way travel time) by interpolating between the seismic profiles
(Figure 3). We converted the isochron maps to isochore maps in meters by using constant interval velocities
derived from diffraction-based wavefront tomography (see Table S3 in the Supporting Information S1; Preine
et al., 2020). These interval velocities do not account for lateral velocity changes and should therefore be consid-
ered approximations. In addition, we created reconstructions of the rift basin evolution by flattening key horizons
(Figure 4). This simple method levels the seismic profile to an interpreted horizon, which allows the effects of
fault displacements to be reversed and, thereby, obtain insights into the deformation of the sediments beneath the
examined horizons during the time of its deposition (e.g., Jamaludin et al., 2015; Nuuns, 1991). Horizon flatten-
ing is available as a standard interpretation tool in the KingdomSuite software.

4. Results
4.1. Seismostratigraphy of the Rift Basins

Different seismostratigraphic interpretations for basins surrounding the CSK field have been presented in previ-
ous studies focusing on different parts of the area, e.g. the Anhydros Basin (Hiibscher et al., 2015; Nomikou,
Hiibscher, et al., 2016) the eastern SATZ (Nomikou, Hiibscher, et al., 2018, 2019) or the Christiana Basin
(Tsampouraki-Kraounaki & Sakellariou, 2018). In the following, we will use a previously defined seismostrati-
graphic framework for the entire CSK rift zone (Preine, Karstens, Hiibscher, Nomikou, et al., 2022; Preine,
Karstens, Hiibscher, Crutchley, et al., 2022). This seismostratigraphic framework comprises six units separated
by six key horizons h1-h6 (see Table S4 in the Supporting Information S1 for a detailed comparison of the
different seismostratigraphic frameworks). These horizons are high-amplitude reflections, which lie conform-
able outside the rift basins but represent major unconformities inside the rift basins. Approximate ages of the
seismo-stratigraphic units have been estimated by Preine, Karstens, Hiibscher, Nomikou, et al. (2022) and are
based on correlations with onshore volcanic products and the extrapolation of sedimentation rates (for an over-
view, see Figure 1b). However, due to the lack of direct samples, these ages od deeper units are associated with
considerable uncertainties.

The lowermost unit (Unit 1) is characterized by weakly reflective strata with sub-parallel reflections that have
been interpreted to be of Pliocene age (Figure 1b) (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). Unit 1 is
covered by Unit 2, which comprises a series of well-stratified reflections with medium to high amplitudes and is
considered to be of Late Pliocene/Early Pleistocene age (Figure 1b). Unit 3 and Unit 5 consist of a sequence of
well-stratified reflections with medium amplitudes, which contrast with the weakly reflective nature of Unit 4,
which has been interpreted as the deposits of the Santorini Mass-Wasting Cascade (Preine, Karstens, Hiibscher,
Crutchley, et al., 2022). In the vicinity of Santorini, the uppermost Unit 6 comprises high-amplitude irregular
reflections that comprise volcano-sedimentary deposits from the Thera Pyroclastic Formation during the last
0.36 Ma (Figure 1b) (Preine, Karstens, Hiibscher, Nomikou, et al., 2022).

PREINE ET AL.

5of 20



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007524

ANW Kolumbo Volcanic Chain “ + Distance (km) SE
o ' 1. ISMi
A EVEER i ven L Intrap,; pil;rit; E Sertical exa 2(-:jation 4
o4 Anhydros sasin ve12 vecs = -----."'---._a_§'nal Faults - VE = 13x (\Ejg 15 kén/s)
Vi N N
Ve @\ .cg XTJa HE e UL TR Santorini-Anafi Basin

a| UHH06-P02

TR

B B
Saucer-shaped
g Reflection

ey so;p,((,uv ; :

=
=}
©
{15

o
£
b
c
=
o
-
c
©
n

[ unit3 [ unit5 [ Volcanic Features

[ JUnit2 [ Junit4 [_—__JUnit6é [____]Basement

02{NW

b| UHH06-P15

Distance !kmg

+

Seismic 0 : 25 . 5

polarity Vertical exaggeration,
= VE = 10X (Ve = 1.5 km/s)

Santorini-Anafi Basin

NwW

Amorgos Basin

Tc] uHHo6-P11

Intrabasinal Faults

Seismic 0 2 4
polarity Vertical exaggeration,
- VE = 6x (V.= 1.5 km/s)

Seis’

Dist; gk
+E istance (km

Figure 2. Seismic profiles crossing the Santorini-Amorgos Tectonic Zone. For locations, see inset map. Semi-transparent colors indicate different seismic (U1-U6) and
volcanic units as indicated in the legend on top. VE — vertical exaggeration. (a) Profile UHHO06-P02 crossing the western Anhydros Basin, the Kolumbo Volcanic Chain,
and the western Santorini-Anafi Basin. SAB2: Major Fault within the Santorini-Anafi Basin. (b) Profile UHHO06-P15 profile crossing the eastern Anhydros Basin,

the Anhydros Horst, and the central Santorini-Anafi Basin. (c) Profile UHHO06-P11 profile crossing the western Amorgos Basin, the Anhydros Horst, and the eastern
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Figure 2 shows three seismic profiles crossing the SATZ approx. perpendicular to the NE-SW-directed main fault
trend (Nomikou, Hiibscher, et al., 2018). Semi-transparent colors indicate seismostratigraphic Units 1-6 (for an
un-interpreted version of the profiles, see Figure S2 in the Supporting Information S1). Profile A (UHH06-P02)
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lines shown in Figure 2. Present-day coastlines for spatial reference.

crosses the Kolumbo Volcanic Chain in the Anhydros Basin as well as the Santorini-Anafi Basin and terminates
in front of the island of Anafi (Figure 2a). The internal architecture of these two basins differs significantly
(Figure 2a). While the Santorini-Anafi Basin represents a SE-ward tilted half-graben bounded to the NW by the
Santorini-Anafi Fault with the sedimentary infill thickening towards the Anafi Fault, the Anhydros Basin repre-
sents a graben bounded by steeply dipping faults and is strongly overprinted by the volcanism of the Kolumbo
Chain masking significant parts of the deeper strata (Figure 2a). The basement reflection h1 is barely visible here,
which is in contrast with the Santorini-Anafi Basin, where hl is a well-defined high-amplitude reflection and the
entire sedimentary strata is well-imaged (Figure 2a). While the Anafi Fault has a throw exceeding 1,000 m here,
the Santorini-Anafi Fault is only a small throw of ~100 m (Figure 2a).
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In general, the sedimentary infill of the Anhydros Basin shows a uniform thickness (Figure 2a). While Units 1 and
2 are thick here (>200 ms TWT/ ~250 m), Units 3-6 are rather thin (<100 ms TWT/ ~110 m) (Figure 2a). There
are multiple volcanic cones belonging to the Kolumbo Chain, which are labeled VC# according to Nomikou
et al. (2012) (Figure 2a). Edifice VC16 has distinct high-amplitude reflections at the top reaching the seafloor,
while seismic blanking occurs underneath (Figure 2a). Further towards the SE, we identify four volcanic cones
VC12, VC11, VC 9, and VC8, which pinch out within Unit 5. While VC8 is buried by Units 6 and 5, volcanic
cones VC12, VC11, and VC9 breach the seafloor and are overlain by only a thin sediment cover (Figure 2a).
Towards the Anhydros Fault, the underlying strata is strongly disturbed and only some irregular high-amplitude
reflections are visible. Beneath volcanic cone VC12 is a buried volcanic edifice that pinches out within Unit 3
and is marked by a saucer-shaped high-amplitude reflection (Figure 2a).

Southeast of the Anhydros Fault is a strongly faulted zone, with many steeply-dipping (~60°) faults that have
throws of 10-30 m (Figure 2a). Towards the Anafi Fault, Unit 3 thickens significantly, while having a rather
constant thickness elsewhere (Figure 2a). Unit 4 represents a thick deposit in the Santorini-Anafi Basin (~90 ms
TWT/ ~200 m), but it thins out towards the NW (Figure 2a). While Unit 5 has a rather constant thickness, Unit
6 is thickening towards the Anafi Fault (Figure 2a). Here, we observe high-amplitude irregular reflections repre-
senting the volcano-sedimentary deposits from the Thera Pyroclastic Formation (Figure 2a) (Preine, Karstens,
Hiibscher, Nomikou, et al., 2022; Preine, Karstens, Hiibscher, Crutchley, et al., 2022).

Profile B (UHHO06-P15) crosses the Anhydros and Santorini-Anafi Basins in the central part of the SATZ close
to the Anhydros Islet, which is part of the Anhydros Horst (Figure 2b). Here, the Anhydros Basin lacks volcanic
structures and represents a typical half-graben bounded by the Ios Fault, which has a throw of ~700 m (Figure 2b)
(Hiibscher et al., 2015; Nomikou, Hiibscher, et al., 2018). We identify all six Units in this basin, with Units 3
and 4 showing a pronounced thickness increase towards the Ios Fault, while Units 5 and 6 have a rather constant
thickness (Figure 2b). Reflections h6 and h5 lie flat and onlap reflection h4, which has a distinctly different dip
that lies sub-parallel to that of the underlying reflectors h3, h2, and h1 (Figure 2b). The Anhydros horst is overlain
by a sequence of thin sediments with some faults piercing the seafloor (Figure 2b).

SE of this horst, the seafloor of the Santorini-Anafi Basin is deeper than that of the Anhydros Basin and the inter-
nal architecture of both basins contrasts strongly (Figure 2b). The Santorini-Anafi Fault is associated with a major
throw, which offsets the basement up to 1.2 km here (Figure 2b). In the central Santorini-Anafi Basin, Unit 6 is very
thick (~350 ms TWT/ ~320 m) at the foot of the Santorini-Anafi Fault, while thinning dramatically towards the
SE where its thickness is only (~50 ms TWT/ ~45 m) (Figure 2b). It comprises a set of low-amplitude reflections
that onlap horizon h6 (Figure 2b). At the top of Unit 6, we identify a distinct high-amplitude reflection (h6-a), and
at the base, we identify several irregular high-amplitude reflections (Figure 2b). The internal reflections of Unit
6 are mostly sub-parallel to the seafloor while the deeper reflections (h6-h2) show a pronounced dip towards the
Santorini-Anafi Fault (Figure 2b). Unit 5 thickens towards the foot of the Santorini-Anafi Fault, where we iden-
tify a confined area with irregular reflections interpreted as a slump deposit originated from the Santorini-Anafi
Fault (Figure 2b) (Nomikou, Hiibscher, et al., 2018; Preine, Karstens, Hiibscher, Crutchley, et al., 2022). Unit 4
is only present at the foot of the Santorini-Anafi Fault and pinches out towards the SE onlapping the underlying
unconformity h4 (Figure 2b). Towards the SE on the shoulder of the basin, there is a distinct SE-wards dipping
fault (labeled ‘SAB2’) that marks a distinct change in the internal architecture of the basin infill (Figure 2b). Here,
the deeper Units 1-3 are thicker and strongly faulted while thinning out towards the NW (Figure 2b).

Profile C (UHHO6-P11) crosses the western tip of the Amorgos Basin and the northeastern Santorini-Anafi Basin,
which represents a graben defined by the Santorini-Anafi Fault (throw of >1.4 km) and the Astypalaea Fault (throw
of >400 m) (Figure 2c) (Nomikou, Hiibscher, et al., 2018). The Anhydros Horst, which separates both basins, has
a much smaller lateral extent here compared to Profile B (Figure 2b). We identify all six seismostratigraphic units
within the Santorini-Anafi Basin while the Amorgos Basin lacks Units 4, 2, and 1 (Figure 2¢). Similar to Profile
B, Unit 6 is very thick (~400 ms TWT/ ~370 m) in the central Santorini-Anafi Basin, while being much thinner
on the Astypalaea Plateau (~60 ms TWT/ ~55 m) (Figure 2¢). The internal reflections of this uppermost Unit
have low amplitudes, show complex sub-parallel/hummocky internal reflections, and onlap the underlying hori-
zon h6, which represents a major unconformity (Figure 2c). Also here, we identify the high-amplitude reflection
h6-a at the top of Unit 6, which defines the base of subunit U6-a that that thickens towards the Santorini-Anafi
fault. Both, the Santorini-Anafi Basin and the Astypalaea Plateau, are strongly faulted, but offsets are markedly
smaller in Unit 1 with some internal faults fading out at unconformity h6 (Figure 2c). The underlying Units 5-3
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are strongly thickening towards the Santorini-Anafi Fault, with Unit 4 pinching out towards the Astypalaea Fault
(Figure 2c¢). In contrast to that, Units 1 and 2 have a uniform thickness in the Santorini-Anafi Basin. The Amorgos
Basin also contains a thick sequence of Unit 6 (~130 ms TWT/ ~120 m), while the underlying Units 5 and 3 are
diverging towards the Amorgos Fault (Figure 2c).

4.2. Mapping of the Seismostratigraphic Units

Combining all seismic profiles throughout the study area (Figure 1c), we created isochrone maps of all seis-
mostratigraphic units by interpolating between seismic profiles (Figure 3). These isochrones maps reveal a
succession of depocenters and deposit-free areas that have been active during different times of the evolution of
the rift system. The isochrone maps can be converted to isochore thickness maps by applying interval velocities
for each Unit (Preine et al., 2020; see Table S3 in the Supporting Information S1). Unit 1 has been deposited in a
complex puzzle of depocenters with a main depocenter in the Christiana Basin (Figure 3a). In addition, we iden-
tify a large depocenter that extends from the eastern flank of present-day Santorini towards the NNE, which has
been crossed by Profile A (Figure 2a). East of the Anhydros islet, we identify a narrow depocenter cross-cutting
the present-day Anhydros and Santorini-Anafi Basins (Figure 3a).

Mapping of Unit 2 reveals a main depocenter in the Christiana Basin, as well as a depocenter extending from the
NE flank of Santorini towards the island of Ios (Figure 3b). The depocenter in the Christiana Basin is strongly
thickening towards the Christiana edifice (Figure 3b), which is mainly due to basin-wards dipping reflections
from the Christiana edifice as shown in Preine, Karstens, Hiibscher, Nomikou, et al. (2022). There are two addi-
tional depocenters at the western and eastern Santorini-Anafi Basin, which are aligned approx. in NE-SW direc-
tion. For Unit 3, we identify two distinct, circular depocenters west and east of Santorini at the locations of the
Poseidon and early Kolumbo volcanic centers (Figure 3¢) (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). In
addition, we identify a depocenter northwest of Anafi (Figures 2a and 3c) and a depocenter in front of the eastern
Santorini-Anafi Fault (Figures 2c and 3c). Both depocenters are aligned NE-SW, parallel to the present-day fault
trend (Nomikou, Hiibscher, et al., 2018).

The isochore map of Unit 4 has already been presented in Preine, Karstens, Hiibscher, Crutchley, et al. (2022) and
comprises eight separated depocenters (Figure 3d). This is well visible in Figure 2, where Unit 4 occurs only in
the basin centers next to major faults. For Unit 5, we identify a major depocenter at the eastern Santorini-Anafi
Basin, where a distinct thickening towards the Santorini-Anafi Fault is observed (Figures 2c and 3e). There are
several depocenters along the Kolumbo volcanic chain (Figure 3e), which evolved contemporarily to the deposi-
tion of Unit 5 (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). The same applies to a distinct depocenter west
of Santorini, representing the deposits of the Aspronisi cones (Figure 3e) (Preine, Karstens, Hiibscher, Nomikou,
et al., 2022). Additional depocenters are located north of Santorini, between Santorini and Anafi, and east of
Christiana (Figure 3e).

The isochore map of Unit 6 reveals a broad depocenter in the Santorini-Anafi Basin (Figure 3f) that has been
crossed by Profiles B and C (Figures 2b and 2c). This depocenter covers the eastern Santorini-Anafi Basin and
extends towards the Amorgos Basin in the NE, where it reaches its maximum thickness (>400 m) (Figure 3f).
In addition, there is a distinct depocenter north of Santorini that is interpreted to be the deposits of the Thera
Pyroclastic Formation.

5. Discussion
5.1. Basin Opening

As described previously, the six key horizons h1-h6 represent major unconformities in the rift basins marking
distinct phases of episodic basin-opening. In order to highlight the dynamics of these tectonic episodes, Figure 4
illustrates the eastern Anhydros Basin from Profile B (Figure 2b) and the eastern Santorini-Anafi Basin from
Profile C (Figure 2c) after successive flattening of key horizons h1-h5 (Figure 3). This method allows to visual-
ize the approximate geological situation during deposition of each flattened horizon and thereby to reconstruct
the general basin evolution (Jamaludin et al., 2015). In contrast to methods like structural restoration, horizon
flattening does not take into account slip across faults that intersect horizons or compaction during deposition
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(Nuuns, 1991). However, structural restoration requires detailed information about the physical properties of each
seismostratigraphic unit, which are typically only available from drilling campaigns.

In general, we distinguish two types of basin-opening in the context of the Santorini-Amorgos Tectonic
Zone: continuous hanging-wall rotation vs. tectonic pulses. Continuous hanging-wall rotation implies that the
fault-induced subsidence occurs on time scales that allow syn-tectonic deposition, which would manifest as diver-
gent internal reflections. In contrast to that, tectonic pulses are defined by distinct episodes of hanging-wall
rotation of the marginal faults, which occur so fast that no seismically resolvable syn- tectonic deposition is
detectable. Instead, the subsequently deposited strata laps onto the horizon marking the pulse event. Hiibscher
et al. (2015) have shown the occurrence of multiple distinct tectonic pulses in the Anhydros Basin, while Preine,
Karstens, Hiibscher, Crutchley, et al. (2022) showed that a rift-wide tectonic pulse preceded the emplacement of
Unit 4, the Santorini Mass-Transport Deposit.

The tectonics of the Anhydros Basin shows low activity during the deposition of the two uppermost units, 6 and
5, which are well-stratified and only have a minor thickness increase towards the los Fault (Figures 4a and 4c).
In contrast to that, there was a distinct tectonic pulse before the deposition of Unit 4. As highlighted in Figure 4d,
the internal reflections of Unit 4 are parallel to the flattened top of the Unit, while the underlying unconformity
h4 reveals a distinct dip, on which the internal reflections onlap. The divergence of internal reflections towards
the Ios Fault during deposition of Unit 3 implies a continuous basin opening and tilting (Figure 4g). This also
applies to Unit 2, which is generally thin inside the Anhydros Basin but also shows divergence towards the los
Fault (Figure 4e). For Unit 1, there also seems to be divergence towards the los Fault, although imaging becomes
more difficult here obscuring the internal architecture of this unit (Figure 4i).

In contrast to the Anhydros Basin, the Santorini-Anafi Basin was highly active during deposition of Units 5
and 6. As shown in Figures 2b, 2c, and 4b, Unit 6 is very thick in the Santorini-Anafi Basin while being very
thin on the shoulders of the basin. At the top of Unit 6, we identify indications for a recent tectonic event that is
marked by the uppermost subunit U6-a, which comprises a set of high-amplitude reflections that contrast with
the weakly reflective nature of the rest of Unit 6 (Figure 4b). Internal reflections onlap horizon u6-a indicating
that this uppermost subunit might represent a very recent tectonic pulse (Figure 4b). We identify this upper-
most subunit U6-a only in the eastern Santorini-Anafi Basin in Profiles B and C and in the Amorgos Basin in
Profile C (Figures 2a and 2c¢). This indicates that tectonic deformation in the most recent phase focused on the
eastern Santorini-Amorgos Tectonic Zone. Recent tectonic deformation in this area has been underlined by the
1956 Amorgos earthquake whose epicenter has been associated with the Amorgos Fault (Figure 1¢) (Nomikou,
Hiibscher, et al., 2018). However, our seismostratigraphic framework does not allow us to place this unconformity
into the age model from Preine, Karstens, Hiibscher, Nomikou, et al. (2022) to tie down the onset of this most
recent tectonic pulse.

In addition to that, we identify indications for a major tectonic pulse at the transition of Units 5 and 6 due to the
distinct onlap termination of the internal reflections of Unit 6 towards the underlying unconformity h6, which
has a markedly different dip (Figure 4b). The irregular high-amplitude reflections at the base of Unit 6 indicate
that this tectonic pulse was accompanied by a high-energetic erosional event (Figure 4b) (Preine et al., 2020).
In addition, many internal faults have much lower displacements above h6 (<5 ms TWT/ ~5 m) than below it
(>20 ms TWT/ ~22 m) indicating that either internal faulting has ceased mostly after the deposition of h6, or
that subsequent deposition occurred very rapidly in relation to the rate of faulting. Assuming an age of ~0.36 Ma
for unconformity h6 (Preine, Karstens, Hiibscher, Nomikou, et al., 2022) implies a rapid deposition of Unit 6
with sedimentation rates in the order of ~1 m/kyr, which is approx. 5 to 10 times the measured sedimentation
rates of the Quaternary across the CSK volcanic rift zone (Anastasakis & Piper, 2005; Kutterolf et al., 2021;
Piper & Perissoratis, 2003). Such enhanced sedimentation rates have also been proposed by previous studies
(Perissoratis, 1995; Piper & Perissoratis, 2003) for the Santorini-Anafi region and could be explained by assuming
that the Santorini-Anafi Basin has been a major depocenter for volcanoclastic material from Santorini, which has
been highly active during the last 0.36 Ma producing the vast Thera Pyroclastic Formation (Druitt et al., 1999).
Therefore, the complex internal reflections of Unit 6 in the Santorini-Anafi Basin (Figures 2c and 4b) could
represent volcanoclastic infill deposits e.g. from pyroclastic flows or remobilized volcanoclastic material.

During deposition of Unit 5, the Santorini-Anafi Fault remained active as indicated by a distinct thickening of
the strata towards the NW (Figure 4d). As shown in Figures 2b, a major slump deposit is intercalated within Unit
5, which seems to be associated with the activity of the Santorini-Anafi Fault highlighting pronounced tectonic
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activity during that time. Similar to the Anhydros Basin, we observe that the internal reflections of Unit 4 appear
perfectly flat and clearly onlap the underlying unconformity h4 after flattening horizon h5 (Figure 4f). This
underlines the concept of a major tectonic pulse happening before the deposition of the mass-transport deposits
of Unit 4 (Figure 4f). In contrast, Unit 3 below shows significant divergence towards the Santorini-Anafi Fault
indicating that this fault was continuously active during deposition of Unit 3 (Figure 4h). Notably, the offsets
between internal faults are mostly leveled after flattening horizon h3, which suggests that these faults formed
after the deposition of Unit 3 (Figure 4h). Unit 2 lies flat in the Santorini-Anafi Basin, while Unit 1 seems to be
thickening towards the SW, although its internal architecture is difficult to properly image (Figure 4;).

5.2. Volcano-Tectonic Evolution of the CSK Rift Zone

Figure 5 shows a sketch of the volcano-tectonic evolution of the CSK rift zone as interpreted from our seis-
mostratigraphic framework. Fault activity is inferred from observed thickness differences at individual faults.
Ages of different seismostratigraphic Units and the spatio-temporal evolution of the CSK volcanic centers are
based on Preine, Karstens, Hiibscher, Nomikou, et al. (2022), whose four major volcanic phases occurred during
the deposition of Units 2, 3, 5, and 6 (see Figure 1b for an overview). The lowermost Unit 1 represents the
deposits of Early Pliocene marine ingression across the southern Aegean and is considered pre-volcanic (Preine,
Karstens, Hiibscher, Nomikou, et al., 2022) (Figure 5a). Our mapping shows that this unit has been deposited in
a complex environment with two roughly WNW-ESE striking depocenters in the Christiana Basin and east of the
Anhydros Islet (Figure 5a). This fault trend fits the general E-W trend that has been proposed for the Pliocene
basins of the southern Aegean (Figure 5a) (e.g., Anastasakis & Piper, 2005; Piper et al., 2007). Both depocenters
are separated by a broader NNE-SSW trending zone, which underlies the present-day centers of Kolumbo and the
Kolumbo volcanic chain (termed ‘proto-Anhydros Basin’, in accordance with Heath et al., 2019). The presence of
a deep proto-Anhydros Basin is supported by deep P-wave seismic tomography indicating that a NE-SW striking
basin existed underneath present-day Santorini, Kolumbo, and Christiana (Heath et al., 2019).

Assuming that the dominant extension during that time was oriented NNE-SSW (Figure 5a), implies that this
basin might have acted as a transfer zone between WNW-ESE trending fault systems. Similar north-south trend-
ing transfer zones have been observed at other centers of the Hellenic Volcanic Arc, e.g. at Milos (Anastasakis
& Piper, 2005) or Nisyros (Papanikolaou & Nomikou, 2001), and have also been suggested for Santorini (Heath
et al., 2019; Piper et al., 2007). This depocenter might have been a dextral pull-apart basin that accommodated
N-S directed strain between the basins west and east of present-day Santorini (Figure 5a). However, the volcanic
overprint in the Anhydros Basin prohibits a detailed analysis of fault geometries (e.g., Figure 2a).

During the deposition of Unit 2 in the Late Pliocene/Early Pleistocene, volcanism initiated with the emergence
of the Christiana Volcano (Figure 5b) (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). During this time, the
Christiana Basin continued to be a major WNW-ESE-oriented depocenter, and the distinct thickening towards
Christiana observed in Figure 3b represents the volcanoclastic deposits exported from Christiana (Figure 5b).
Our mapping of Unit 2 indicates that the Christiana Basin terminates against an NNE-SSW trending boundary
(Figures 3a and 5Se), which fits the trend of the proto Anhydros Basin mapped northeast of Santorini. This can
be seen as an indication of a continuation of the proto-Anhydros Basin underneath Santorini as indicated by
dotted, orange lines in Figure 5b delineated from p-wave tomography (Heath et al., 2019). This fits the trend of
our reflection seismic mapping of a proto-Anhydros Basin well. Furthermore, Heath et al. (2019) proposed that
the volcanism at Christiana might have been localized by the intersection of the proto Anhydros Basin and the
Christiana Basin, which is in agreement with our analysis.

East of Santorini, we identify two NE-SW directed depocenters, which we interpret as the early representations
of the present-day Santorini-Anafi Basin (‘proto Santorini-Anafi Basin’, Figure 5b). These depocenters lie paral-
lel to the present-day faults of the SATZ, which suggests that Unit 2 marks a transitional phase where the stress
regime rotated counterclockwise from NNE-SSW to NNE-SSE (Figure 5b). Given that the ESE-WNW oriented
Pliocene basin mapped with Unit 1 east of Anhydros (Figure 5a) is no longer identifiable in Unit 2, the tectonic
nature of the proto Anhydros Basin during that time remains elusive.

During deposition of Unit 3, the second volcanic phase emerged with the evolution of the early Poseidon and
Kolumbo volcanic centers (Figure 5c) (Preine, Karstens, Hiibscher, Nomikou, et al., 2022). Our data clearly show
that during that time, NE-SW-oriented depocenters became dominant throughout the entire SATZ including
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Figure 5. Schematic reconstruction of the volcano-tectonic evolution of the CSK rift zone. Isochore maps from Figure 3 are plotted in the background. Red toothed
lines indicate faults active during deposition of each phase. Blue lines indicate faults that have been affected by tectonic pulses. Dashed lines indicate the outline of
depocenters with higher uncertainty. Dashed orange lines indicate the outline of the proto-Anhydros Basin underneath Santorini as defined in Heath et al. (2019).
Activity of volcanic centers modified from Preine, Karstens, Hiibscher, Nomikou, et al. (2022). Black arrows indicate approx. direction of extension as inferred from
the interpreted faults. Black arrows in F indicate the potential strike-slip movement of the Proto Anhydros Basin. Thin gray arrows indicate the direction of transport of
volcanoclastic material and purple arrows indicate the direction of mass-wasting events (Preine, Karstens, Hiibscher, Crutchley, et al., 2022).

activity of the eastern Santorini-Anafi Fault, the eastern Anhydros Fault, and the Anafi Fault (Figure 4d). This
activity seems to have been continuous as indicated by the divergence observed within Unit 3 in the Anafi,
Santorini-Anafi and Anhydros Basins (Figures 2a—2c, 4g, and 4h). The Poseidon and Kolumbo centers aligned
parallel to this new fault trend implying a significant influence of this newly emerging NE-SW-oriented tectonic
trend on the magma emplacement. This early NE-SW alignment of volcanic centers could represent an early
expression of the present-day Kameni and Kolumbo Lines (dashed line in Figure 5c), which consequently are
deep-rooted, old volcano-tectonic lineaments (Preine, Karstens, Hiibscher, Nomikou, et al., 2022).

PREINE ET AL.

13 of 20



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007524

Initiated by an extensive rift pulse that affected the entire rift system, vast amounts of volcano-sedimentary
material from Unit 4 were deposited in the basins surrounding Santorini (Figure 4c; Preine, Karstens, Hiibscher,
Crutchley, et al., 2022). During the deposition of Unit 5 (~0.7-0.36 Ma), volcanism occurred along the entire
Christiana-Santorini-Kolumbo field and included the emergence of the Aspronisi cones, the Kolumbo volcanic
chain, Kolumbo's Unit K3 as well as the evolution of the Akrotiri rhyolitic centers, the Peristeria stratovolcano,
and the Akrotiri cinder cones onshore Santorini (Figure 5e) (Druitt et al., 1999; Preine, Karstens, Hiibscher,
Nomikou, et al., 2022). We argue the preceding rift pulse and subsequent mass-wasting cascade had a major impact
on the volcanic system due to crustal fracturing in combination with unloading, leading to wide-spread magmatic
ascent. The formation of approximately linearly arranged volcanic cones could be related to intra-basinal fault
systems such as those observed in the Santorini-Anafi Basin (Figure 2c¢), which have formed mainly during
deposition of Units 3 to 5.

We observe that during deposition of Unit 5, the eastern Santorini-Anafi and Amorgos Faults were continuously
active as highlighted by the syn-tectonic growth strata recorded in the sedimentary basin infills (Figures 4c, 4d,
and 5e). This continuous activity led to a major slumping event south of the Anhydros Islet as imaged in Profile
B (Figures 2b and Se). In addition to that, we identify a depocenter north of Santorini that is not related to any
tectonic or volcanic activity but represents a wedge of low-stand deposits likely related to Pleistocene sea-level
lowstands (e.g., Marine Isotope Stages 12 and/or 16; see Figure S5 in the Supporting Information S1 for an exam-
ple) (Lisiecki & Raymo, 2005) (Figure 5e).

After the deposition of Unit 5, another distinct change in the volcano-tectonic system occurred (Figure 4a). At the
transition from Unit 5 to 6, volcanism became highly explosive producing the vast Thera Pyroclastic Formation
(Druitt et al., 1999; Preine, Karstens, Hiibscher, Nomikou, et al., 2022). During that time also Kolumbo remained
active producing two major eruptions (K4/K5). Our seismostratigraphic framework shows that the transition from
Unit 5 to 6 is marked by another major tectonic pulse that affected the eastern Santorini-Anafi Basin as indicated
by the angular unconformity h6 (Figures 2b, 2c and 4b). The here proposed h6-rift pulse is in line with a recent
study by Flaherty et al. (2022), who showed that a change in melt diversity of the eruptive products of Santorini
occurred between ~360 and 225 ka. This indicates that this tectonic event influenced the deep volcanic plumbing
system underneath Santorini e.g. by affecting stresses in the deeper crust and, thus, changing fluxes and propor-
tions of primitive melts from deep supply regions (Flaherty et al., 2022).

In addition, during deposition of Unit 6, the complex Kolumbo and Christiana faults also remained active in the
vicinity of Santorini (Figure 5f). However, both show only minor throws (<100 m) that decrease from the base
of Unit 6 towards the top (Preine, Karstens, Hiibscher, Crutchley, et al., 2022). Furthermore, the tilted uppermost
subunit U6-a observed in the eastern basins (Figure 2¢) points to yet another recent rift pulse within the eastern
Santorini-Anafi Basin. While our seismostratigraphic framework does not allow dating this unconformity, it is
noteworthy that another distinct change in melt chemistry of Santorini volcanism occurred 22 ka ago during
the caldera-forming Cape Riva eruption (Flaherty et al., 2022). This could correspond to the observed recent
tectonic pulse in the eastern SATZ, in which case the age of subunit U6-a would fit the estimated age of Unit A1l
from Perissoratis (1995), who correlated related their uppermost seismostratigraphic Unit A1 to the Last Glacial
Maximum indicating an approx. age of 20.000 years. However, such temporal correlations remain speculative and
the change in melt chemistry after the Cape Riva eruption could also be explained by temporal variations in the
supply of slab-derived melts and fluids as well as by caldera collapse (Flaherty et al., 2022).

5.3. Volcano-Tectonic Feedback Mechanisms

Having established the temporal correlation of changes in the tectonic system and volcanic behavior, the question
remains, whether the tectonic changes triggered the modifications in the volcanic system or vice versa. To answer
this with certainty, exact age relations between rifting events and volcanic eruptions are required, which is beyond
the temporal resolution of our seismostratigraphic age models. However, there are several reasons to argue that
changes in the tectonic system have preceded changes in the volcanic system and, thus, played an important role
in the evolution of the CSK volcanic field.

1. The spatial correspondence of the Pliocene proto Anhydros Basin and the major centers of the CSK volcanic
field suggests that this early basin represented an initial zone of crustal weakness that facilitated magma
ascend. As discussed above, this initial basin seems to have acted as a dextral transfer zone between the
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WNW-ESE trending depocenters. The spatial correlation between transfer zones and magmatism has been
highlighted in previous studies at other volcanoes (e.g., Corti et al., 2003; Faulds & Varga, 1998). In the case
of the CSK volcanic field, it is noteworthy that the proto Anhydros Basin existed prior to the emplacement of
volcanic edifices, which is in contrast to the concept that magmatism causes the formation of transfer zones at
the CSK rift as observed in other regions (Faulds & Varga, 1998).

2. Chrono-stratigraphic relations indicate that the evolution of the Poseidon and early Kolumbo centers occurred
approx. in the middle of the deposition of Unit 3 (Preine, Karstens, Hiibscher, Nomikou, et al., 2022), which
has been deposited under the influence of the newly emerging NE-SW striking fault system (Figure 5c).
According to our study the initiation of these faults preceded the emplacement of Poseidon and early Kolumbo
volcanism and continued afterward. This suggests that the NE-SW-directed faults guided magma ascent lead-
ing to the evolution of the Poseidon and early Kolumbo centers.

3. A major tectonic reorganization occurred at ~0.7 Ma and preceded the evolution of the widespread emergence
of volcanic edifices during deposition of Unit 5. As mentioned above, the sudden fracturing of the Aegean
crust during this rift pulse might have generated pathways for the emplacement of volcanic edifices, which
follow the NE-SW-directed tectonic trend (Preine, Karstens, Hiibscher, Nomikou, et al., 2022).

4. Our seismostratigraphic framework indicates that the rift pulse at ~0.36 Ma preceded the deposition of large
amounts of volcanoclastic material from Santorini and Kolumbo, indicating that the tectonic change again
influenced the volcanic behavior of the CSK rift zone. In this case, this tectonic pulse has been accompanied
by a distinct change in melt diversity of the eruptive products of Santorini that might be related to changes in
the stresses in the deeper crust (Flaherty et al., 2022).

On the other hand, it is important to note that the non-volcanic basins of the CSK rift zone are characterized by
well-defined half-graben and pronounced marginal faults (e.g., at the Santorini-Anafi Basin, the eastern Anhy-
dros Basin, and the Amorgos Basin) with throws of more than 2,000 m (Figures 1c and 3) (Nomikou, Hiibscher,
et al., 2018), while the basins hosting the CSK volcanoes (the western Anhydros Basin and the Christiana Basin)
lack such distinct tectonic features (Figures 1c and 2a). Instead, they are influenced by more complex faults such
as the Kolumbo Fault or the Christiana Fault (Figure 5f) (Preine, Karstens, Hiibscher, Crutchley, et al., 2022),
which have much lower throws (<100 m). Also, faults observed within the Thera Pyroclastic Formation in the
caldera of Santorini have only minor throws (<100 m) (Drymoni et al., 2022).

Recent findings by Acocella and Trippanera (2016) offer potential explanations. These authors suggest that
amagmatic faulting becomes essentially hindered by the emplacement of dikes, e.g. in Iceland (Acocella &
Trippanera, 2016), the northern Ethiopian rift (Keir et al., 2006), and the Costa Rica rift (Wilson et al., 2019),
where a competition between magmatic and tectonic strain accommodation has been identified (Corti et al., 2003).
Numerous dikes have been identified at the cliffs of Santorini (Drymoni et al., 2020, 2022) and also inside the
crater of Kolumbo (Nomikou et al., 2012), which are roughly NE-SW aligned (Heath et al., 2019). In addition, the
presence of the low-velocity body underneath the northern caldera basin and Kolumbo in 3-5 km depth implies
that the shallow crust is strongly overprinted by magmatism (Heath et al., 2019; Hooft et al., 2019; McVey
et al., 2020; Schmid et al., 2022). The numerous occurrence of magmatic intrusions combined with the concept
by Acocella and Trippanera (2016) may suggest that magmatism has accommodated much of the local strain
along the proto Anhydros Basin, while the non-volcanic basins accommodated strain by extensive hanging-wall
rotation and internal deformation.

Considering that the early volcanic centers of Kolumbo and Poseidon aligned parallel to the NE-SW directed fault
trend in Early Pleistocene, magmatic intrusions have likely been abundant along the deeper subsurface through-
out the CSK rift zone since the onset of extensive NE-SW directed faulting in Early Pleistocene. An example
of the presence of shallow intrusions is the saucer-shaped reflection underneath the Kolumbo Volcanic Chain
in Profile A (Figure 2a), which is an indication of sill intrusions (Planke et al., 2005). We propose that the early
evolution of large-scale magmatic intrusions since Middle Pleistocene (during deposition of Unit 3) has hindered
the formation of extensive marginal faults at Santorini, the western Anhydros Basin, and the Christiana Basin as
observed in the other amagmatic basins.

Consequently, our study suggests sensitive volcano-tectonic feedback mechanisms at the CSK rift zone, in which
large-scale tectonics seem to have a primary influence both on the evolution of the rift basins and the emplace-
ment of volcanism while, in turn, magmatism seems to have a secondary influence, essentially hindering the
evolution of large-scale faults along the CSK volcanic field.
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5.4. Implications for the Evolution of the Hellenic Arc

While reconstructions of the tectonic evolution of the Hellenic Arc have been presented on broad time
scales since Oligocene (e.g., Jolivet & Brun, 2010; Jolivet & Faccenna, 2000; Jolivet et al., 2013; Royden &
Papanikolaou, 2011), detailed studies of the tectonic and volcanic evolution of the Arc during the last ~4 Million
years are missing so far. However, a few regional studies are available, which enable a qualitative comparison of
broader volcano-tectonic changes along the Hellenic Arc since the Pliocene.

Since the volcano-tectonic evolution can be subdivided into distinct phases, it is unclear whether these relate to
the local manifestation of the evolving stress regime or to general trends affecting the entire Hellenic Arc. As a
proxy for the general tectonic evolution of the eastern Hellenic Arc, Van Hinsbergen et al. (2007) investigated the
Plio-Pleistocene tectonic history of the island of Rhodos in the southeastern Aegean Sea (Figure 6) and identified
four major tectonic episodes. The first episode occurred between 3.8 and 3.6 Ma and led to a 9 + 6° counterclock-
wise rotation of Rhodos (Figure 6a). A second episode occurred between 2.5 and 1.8 Ma tilting Rhodos to the
SE while between 1.5 and 1.1 Ma Rhodos tilted to the NW (Figure 6a). The last tectonic phase started at approx.
0.8 Ma when counterclockwise rotation initiated again (Figure 6a). Counterclockwise rotation also affected the
western margin of the Rhodos Basin as shown by seismic studies (Figure 6b) (Hall et al., 2009) and has generally
been suggested to be the result of the increasing curvature of the Hellenic Arc (ten Veen & Kleinspehn, 2002).
Figure 6a shows that the ages of the tectonic events on Rhodos correspond to those of several major unconform-
ities of the CSK rift.

The first counterclockwise rotation event of Rhodes corresponds roughly to the age of unconformity h2
(~3.4 Ma), i.e., the transition from E-W to NE-SW directed extension (Figure 6). The initiation of the second
episode of counterclockwise rotation on Rhodes occurred approx. simultaneously to the first tectonic pulse of the
CSK rift (~0.7 Ma) indicating that these events represent large-scale tectonic reorganizations affecting the entire
southeastern Aegean. Figure 6a also shows that both tilting episodes on Rhodos occurred approx. simultaneously
to the volcanic activity of Christiana as well as the activity of the Poseidon center and early Kolumbo, suggesting
an influence of the arc-wide tectonic regime on the volcanism of the Hellenic Arc. This hypothesis is further
supported by comparing the evolution of the CSK volcanic field with that of the Kos-Nisyros-Yali complex on the
eastern Hellenic Volcanic Arc (Figure 6). The earliest volcanic activity of the Kos-Nisyros-Yali volcanic complex
built dome complexes on southern Kos between 3.4 and 1.6 Ma (e.g., Vougioukalakis et al., 2019) approx. during
the same time as Christiana was active and Rhodos tilted first (Figure 6a). Subsequently, volcanic activity became
more explosive as demonstrated by the Kefalos Tuff ring that was formed about 0.5 Ma and by the 0.161 ka
Kos Plateau Tuff eruption representing one of the largest known explosive eruptions of the Hellenic Arc, which
involved a major caldera collapse south of Kos (e.g., Allen & Cas, 2001; Bachmann et al., 2010). Within the last
100 ka, there were at least two major eruptions with estimated tephra volumes exceeding 10 km? (Nisyros 1 and
Yali 2; Kutterolf et al., 2021).

The similar NE-SW orientation of volcanic and tectonic structures of the Kos-Nisyros-Yali complex (e.g.,
Nomikou & Papanikolaou, 2011; Nomikou, Papanikolaou, & Dietrich, 2018; Nomikou et al., 2013; Papanikolaou
& Nomikou, 2001; Tibaldi et al., 2008) and the CSK field, as well as the general trend from largely effusive
volcanism in Late Pliocene/Early Pleistocene toward highly explosive volcanism in Late Pleistocene, highlights
volcano-tectonic similarities of both systems (Figure 6a). In addition, Figure 6 shows that discrete phases of coun-
terclockwise rotation and tilting at Rhodos correspond not only to distinct phases of volcanism at the CSK field
but also at the Kos-Nisyros-Yali complex indicating regional-scale volcano-tectonic feedback links. Similar to
the observations of Flaherty et al. (2022) of a distinct change of primitive melt chemistry after the tectonic pulse
at ~(0.36 Ma at the CSK field, each of the previous large-scale tectonic episodes may have influenced the stress
in the deeper crust of the broader southeastern Aegean changing fluxes as well as proportions of primitive melts
from deep magma reservoirs. Such large-scale volcano-tectonic feedback links have hardly been explored so far
and the Hellenic Arc offers the opportunity to derive a spatio-temporal reconstruction of an entire Arc System.
However, systematic seismic studies are required for this, which are lacking for most parts of the southern Aegean
Sea. This is needed to gain a more holistic understanding of volcano-tectonic processes at an arc scale and to
improve hazard assessments of the densely populated pan-Aegean realm.
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Figure 6. (a) Schematic illustration of the chronology of volcanism and tectonics of the southeastern Aegean Sea. Tectonic
phases of the CSK rift are from this study, volcanic ages of the CSK volcanic field from Preine, Karstens, Hiibscher,
Nomikou, et al. (2022), volcanic ages of the Kos-Nisyros-Yali Complex from Vougioukalakis et al. (2019) as well as Kutterolf
et al. (2021), and tectonic phases of Rhodos from Van Hinsbergen et al. (2007). (b) Morphological map of the southeastern
Aegean Sea with volcanic centers marked in red. Major tectonic lines of the CSK field and the Kos-Nisyros-Yali complex

are marked in black and have been modified from Nomikou et al. (2013); Nomikou, Hiibscher, et al. (2018); Nomikou,
Papanikolaou, & Dietrich, (2018), and Preine, Karstens, Hiibscher, Crutchley, et al. (2022). Additional faults have been
modified from Ganas et al. (2013).

6. Conclusions

In this study, we have for the first time consistently linked the evolution of the volcanoes of the
Christiana-Santorini-Kolumbo (CSK) volcanic field to the tectonic evolution of the hosting rift basins. Our study
shows that distinct volcanic phases correlate with major changes in the tectonic behavior of the rift system.
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According to our interpretation, a Pliocene NNE-SSW-directed proto basin existed underneath Kolumbo, the
Kolumbo volcanic chain, and continued underneath Santorini towards Christiana. This basin acted as a trans-
fer zone between WNW-ESE-oriented Pliocene basins. Volcanism initiated with the onset of NW-SE-directed
rifting, which became the main orientation of the emplacement of volcanic edifices in the Pleistocene. Distinct
tectonic pulses preceded major changes in the volcanic evolution of the CSK volcanic field. A major rift pulse at
approx. 0.7 Ma triggered large-scale mass wasting events, which initiated the emergence of widespread volcan-
ism. Another large-scale tectonic pulse occurred at approx. 0.36 Ma, which corresponds to a distinct shift of
Santorini's volcanism marking the transition from effusive to highly explosive eruptions. This transition also
corresponds to a change in primitive melt chemistry at Santorini implying deep-seated feedback mechanisms
between the regional tectonic regime and the volcanic plumbing system of the CSK field.

We argue that the incremental tectonic reorganizations of the rift might be related to the increasing curvature
of the Hellenic Arc that induced counterclockwise rotation and enhanced internal deformation along the entire
southeastern Aegean. Vice-versa, our analysis indicates that magmatism at the CSK volcanic field might have
hindered the formation of major marginal faults along the CSK volcanic field, which define the morphology of
the non-volcanic basins of the rift system. Consequently, the CSK volcanic field reveals volcano-tectonic feed-
back links in which regional tectonics seem to have had a primary influence on both basin evolution and emplace-
ment of volcanoes, while subsequent magmatism seems to have had a secondary influence on the tectonic system
by accommodating extensional strain in the volcanic basins. Understanding such volcano-tectonic feedback
mechanisms is critical to improving future hazard assessments for the Aegean and we strongly encourage similar
seismic studies to be conducted for the neighboring volcanic centers of the Hellenic Arc to reconstruct their
volcano-tectonic evolution.
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SEG-Y files of the seismic lines shown in Figure 2 are available in the Marine Geoscience Data System with data
https://doi.org/10.26022/IEDA/331028.
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