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Submarine ash megabed fed by far-traveled,
shoreline-crossing pyroclastic currents from a large
explosive volcanic eruption
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Large explosive volcanic eruptions from island volcanoes deliver vast quantities of ash to the marine environ-
ment. While many of the transport pathways are understood, those from shoreline-crossing or submarine pyro-
clastic currents, and their transformation into water-supported gravity flows, remain poorly constrained. We
report the discovery by International Ocean Discovery Program (IODP) deep drilling of a 200-meter-thick ash
megabed buried in rift basins of the South Aegean Volcanic Arc. The >73-cubic kilometer ash deposit originates
from the Kos Plateau Tuff caldera-forming eruption, which occurred 161 thousand years ago, >120 kilometers to
the east. The ash forms a chemically uniform, graded megabed lacking bioturbation, interpreted as having been
emplaced by a stream of eruption-fed turbidity currents. Bioclastic debris within the ash provides evidence of
widespread destruction of marine ecosystems. Large volcanic eruptions can remodel the seafloor landscape, de-
posit thick ash turbidites, and destroy marine biota on island arc-wide scales in short-lived, catastrophic events.

INTRODUCTION from subaerial pyroclastic currents (traveling across land or sea),

Explosive volcanic eruptions produce ash by the violent fragmenta-
tion of gas-charged magma (1). The fine particle sizes (<2 mm) and
low settling velocities in water (relative to the speeds of marine cur-
rents) result in wide dispersal of volcanic ash in the marine environ-
ment (2), significantly affecting ecosystems, biogeochemical cycles
(3), and submarine cable networks (4). Some common mechanisms
by which ash enters the oceans include submarine eruptions (5),
fallout from Plinian eruption columns (6), attrition of pumice rafts
(7), sedimentation from sea-surface pyroclastic currents (8-12), and
fallout from atmospheric coignimbrite ash (“Phoenix”) plumes (13).
The last mechanism involves buoyant lofting of ash and hot gases

potentially accounting for a substantial fraction of the total erupted
volume (13). These processes, all observable in nature and well un-
derstood (2), result in ash layers in marine sediments that are crucial
for tephrochronology and for estimating the volumes of explosive
eruptions (14).

The fate of the huge volumes of ash that enter the ocean in the
form of dense, seafloor-hugging pyroclastic currents, which then
entrain water and transform into debris flows, granular slurries, and
turbidity currents, is more enigmatic (15-22). The processes and
submarine products arising from the entry of pyroclastic currents
into the sea have been studied using ancient examples (15, 16, 19),
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modern examples (4, 23), and laboratory experiments (17, 19), with
comprehensive reviews published [(16, 24, 25) and the references
therein]. One school of thought has been that dense pyroclastic cur-
rents can retain their heat for large distances under water. Support-
ing this idea, the submarine ignimbrite (massive, pumice-rich deposit
from a pyroclastic current) from the Krakatau 1883 eruption was
emplaced at temperatures of 475° to 550°C as far as 15-km offshore
from the island (26), either because the highly concentrated basal
levels of the current had entrained little seawater or because there
had been insufficient time for the pyroclasts to cool. However, most
studies infer that pyroclastic currents rapidly entrain seawater and
transform into cold subaqueous density flows, either progressively
during transport or due to explosive mixing in the littoral zone (24).
A particularly well-documented modern example is the 2022 erup-
tion of the partially submerged Hunga Volcano, which discharged
fast-moving (exceeding 120 km hour™") pyroclastic currents by col-
umn collapse into the Pacific Ocean, scouring the seafloor, and lay-
ing down volcaniclastic sediment to over 100 km from source
(4, 23). However, although the volume of the Hunga-Tonga deposits
is ~6 km”, some terrestrial explosive eruptions discharge many hun-
dreds or even thousands of cubic kilometers of ash in the form of
pyroclastic currents (27). The entry of such pyroclastic currents into
the sea can form submarine megabeds (unusually thick and laterally
extensive beds that differ in composition from the host sediments)
of volcaniclastic material (24). Submarine volcaniclastic megabeds
generated directly by eruptions are distinguished from those pro-
duced by other mechanisms, such as volcanic flank collapses by an
abundance of chemically homogeneous juvenile components (20, 24).
While ancient examples of eruption-generated submarine megabeds
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have been described, the source conditions are commonly unknown
(16, 24, 25). Moreover, the processes of hydraulic sorting of particles
of different sizes and densities in submarine volcaniclastic flows and
the distal fate of the fine components remain poorly constrained. We
address this knowledge gap via the deep drilling of a 200-m-thick ash
megabed from the Kos Plateau Tuff (KPT) caldera-forming eruption
on the South Aegean Volcanic Arc. Through a combination of sedi-
mentological characterization, core-seismic integration, and nu-
merical modeling, we unravel the processes that gave rise to this
enormous submarine deposit.

The KPT eruption took place 161,000 = 2000 years ago from the
Kos caldera complex in the eastern part of the South Aegean Volca-
nic Arc (28, 29) (Fig. 1). The eruption succession has been recon-
structed from detailed studies of onland deposits (30). The eruption
discharged a total of over a hundred cubic kilometers of biotite-
bearing rhyolitic pumice and ash in a six-phase (A to F), waxing-to-
waning sequence lasting several hours to several days (30). Onland
unit A consists of a phreatomagmatic fall deposit, while units B to F
consist of pyroclastic current deposits. The climactic phase of the
eruption is represented by unit E, when the peak discharge rate is
estimated from numerical modeling to have been 4 x 10” to 8 x
10° kg s™" (11). On the basis of isopach, isopleth, and transport di-
rection data, the eruption is inferred to have taken place from one or
more vents south of Kos (Fig. 1) and to have formed a caldera 10 to
20 km in diameter (30). The pyroclastic currents of the eruption
were generated by column collapse (30). To the north, they traveled
across land to deposit on Kos, Kalymnos, Pserimos, and the Bodrum
Peninsula. To the south and east, they traveled across either shallow
water (10) or land (31) to deposit on Tilos, Chalki, and the Dat¢a

Easting (km)
440

1ODP Exp 328 drill sites (star - with KPT marine tuff)
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Fig. 1. Shaded bathymetric map of the eastern half of the South Aegean Volcanic Arc. The red rectangle on the inset locates the main figure. IODP Expedition 398
drill sites outside of Santorini caldera are marked with yellow symbols and their IODP site numbers (those inside the caldera are not shown). Sites where the Kos Plateau
Tuff (KPT) submarine megabed was intersected are shown as stars. Present-day water depths at these sites are 484 m (Site U1589), 693 m (Site U1592), 592 m (Site U1599),
and 326 m (Site 1600). The distribution of onland outcrops of the 161 ka KPT is shown in green, along with the approximate location of the Kos caldera (30). Isopachs for
the KPT coignimbrite ash fall are shown on the main map and inset (74). At the time of the eruption, sea level was about 80 m below the present-day level; the —80-m

bathymetric contour is shown in red. The gray lines are published seismic profiles.
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Peninsula (Fig. 1). The submarine deposits from the KPT pyroclastic
currents have been tentatively recognized in seismic profiles around
the Kos caldera (29, 31, 32) but, until now, not further away from source.

In 2022-2023, International Ocean Discovery Program (IODP)
Expedition 398 (33) drilled the marine rifts of the central South Aegean
Volcanic Arc at eight sites around Santorini Volcano to depths
of up to 900 m below the seafloor (Figs. 1 and 2A). Two aims
were, first, to use the basin sediments as time capsules to recover
a complete record of Neogene-Quaternary volcanism and, second,
to seek deposits from eruptions that entered the sea as pyroclastic

currents from nearby volcanic centers. However, the presence of 200 m
of KPT in the rift basins, much thicker than the 1 to 5 cm of atmo-
spherically transported KPT coignimbrite ash previously sampled
by shallow gravity coring on neighboring bathymetric highs (14),
was not anticipated. The discovery highlights the importance of oft-
shore deep drilling in increasing our understanding of large erup-
tions with a potentially global impact such as the KPT.

The marine rift basins containing the KPT megabed are situ-
ated 120 to 140 km west of Kos and 30 to 40 km northeast of the
Christiana-Santorini Kolumbo Volcanic Field (Figs. 1 and 2A) (34, 35).
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Fig. 2. Distribution and thickness of the KPT ash megabed from core-seismic integration. (A) Seismic profile across the Anhydros and Anafi Basins, showing the KPT
megabed. The profiles show several seismic stratigraphic packages infilling the basins and lying on Alpine basement. Two-way seismic travel time is converted to depth
(in meters below sea floor) on the drill site scale constructed by core-seismic integration using shipboard seismic velocity data. The KPT megabed is shown in pink. The
dotted line separates the coarse-ash (CA) facies from the overlying fine ash (FA) facies. The basal lithic-crystal facies is too thin to be resolved. (B) Two-way travel (TWT)
time isochrones for the KPT ash megabed were derived by integration of the drill core stratigraphy with seismic profiles. The TWT values were then converted to thickness
using shipboard measurements of core P-wave velocity. The gray lines are published seismic profiles, and the yellow circles are the IODP Expedition 398 drill sites outside

of Santorini caldera.
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The basins lie on 20 km of rifted continental crust, with an ear-
lier east-northeast to west-southwest Pliocene rift (the Christiana
Basin) and a northeast (NE)-southwest (SW)-trending system of
half-graben rifts (the Anhydros, Amorgos, and Anafi Basins) of
Pleistocene age (34-36). Up to 1.4 km of volcaniclastic, tuffaceous,
and nonvolcanic sediments fill these NE-SW basins above continen-
tal basement, as imaged by a dense array of over 3000 km of single
and multichannel seismic profiles (34, 36). Until IODP Expedition
398, the nature of the basin fills had only been characterized by off-
shore seismic stratigraphy [(36) and the references therein].

Products of the Christiana-Santorini-Kolumbo Volcanic Field dom-
inate the volcaniclastic fill components of the rifts (22). Christiana
Volcano has been extinct since ~1.6 Ma (36). The earliest onland activ-
ity at Santorini dates to 0.65 Ma (37). Following the large “Archaeos”
eruption in the Middle Pleistocene (22), most of Santorini’s ex-
plosive eruptions took place <0.25 Myr ago and form layers in the
caldera cliffs of Santorini (table S1) (37) and in the marine teph-
rostratigraphic record (14, 38). The last eruption of Kolumbo took
place in 1650 CE (39), and the last eruption of Santorini took place
in 1950 CE. In what follows, we describe the KPT megabed, a unique-
ly well-characterized example of distal submarine ash from a large
silicic caldera-forming eruption, and we discuss its emplacement
mechanism and environmental impacts.

RESULTS
The KPT ash megabed was intersected at the four drill sites shown
by stars on Fig. 1, with drilling recoveries of 68 to 90% (Table 1 and
fig. S1). The present-day water depths at these sites are between 326
and 693 m (legend, Fig. 1). The constituent ash of the megabed was
characterized by grain size and component analysis (Figs. 3 to 5 and
table S2) and was correlated between the different drill sites and on-
land KPT deposits by tephra stratigraphy and by chemical finger-
printing of glasses and minerals (Fig. 6 and tables S3 and S4). The
megabed is thickest in the Anafi (205 m, U1592) and Anhydros (30 m,
U1589) rift basins, and thinner on the margin of the Anafi Basin
(8 m, U1599) and on the horst between the two basins (5 m, U1600)
(Figs. 2 and 3). The age was constrained by the presence of previ-
ously dated Santorini tephras above and below the megabed (table S1).
It lies stratigraphically between the Lower Pumice 2 and Cape Thera
eruptions of Santorini, previously dated at 177 and 157 ka, respec-
tively, using gravity cores of condensed sequences (table S1). This is
consistent with the previously published 161 =+ 2 ka age of the KPT
eruption (14, 28).

The megabed consists of unconsolidated ash, with subordinate
pumice and lithic clasts of lapilli size (Fig. 4, A to E). The juvenile
component is highly vesicular and includes two main varieties of

pumice shards: a dominant population of tube pumices with stretched
vesicles (Fig. 4F), and a secondary population of frothy pumices
with larger, more equant vesicles (Fig. 4G). Pumice clasts are com-
monly rounded due to abrasion during transport. Glass compo-
sitions of pumices and vitric shards in both layers are identical
to those of onland KPT samples and are different from glasses of
Santorini and Kolumbo or of Milos Volcano to the west (Fig. 6, A to
C, and table S3) (14).

Pumices from the ash megabed contain a crystal assemblage
dominated by plagioclase (Any;.»3), sanidine (Or7,.99), quartz, biotite,
and magnetite (table S4). The plagioclase composition is similar to that
in onland KPT [An;s.5 analyzed as part of the present study; An;7.55
in (40)], as is the sanidine composition [Or.¢7; (40)]. The biotite crys-
tals in the megabed have the same major element compositions as
those of the onland KPT, which are higher in MgO and lower in FeO
than biotites from the nearby rhyolitic Kolumbo Volcano (Fig. 6D).

Lithic components in the megabed include fresh or altered lava
and scoria. Macroscopic bioclastic components are concentrated to-
ward the base. They are broken, abraded, and include coral fragments,
shell fragments (Bivalvia and Gastropoda), Pteropoda, Bryozoa,
Arthropoda (Balanus), echinoid spines and plate fragments, and os-
tracods, as well as fish vertebrae. Foraminifera and nannofossils
are found throughout the megabed and include reworked Pliocene
and Pleistocene species. The nannofossil assemblage is characterized
by the occurrence of warm-water species such as Rhabdosphaera
clavigera and Umbilicosphaera sibogae that have possibly been trans-
ported from the photic zone. The foraminifer fauna are typical of Late
Pleistocene Mediterranean biostratigraphic zones (41). The mega-
bed is assigned to Zone MPle2b on the basis of the paracme top of
sinistrally coiled Neogloboquadrina spp. (<0.51 Ma).

Assemblages of benthic foraminifera in marine sediments pro-
vide estimates of paleo water depths (42). Those immediately below
the ash megabed give water paleo-depths of 750 to 1000 m and 300
to 600 m at Sites U1592 and U1589, respectively, showing that the
megabed was emplaced in a shallow marine environment. An abun-
dance of reworked species below the megabed at Sites U1599 and
U1600 precludes paleo-depth estimates. The megabed can be subdi-
vided into three lithofacies, which are described with emphasis on
the thickest occurrence at Site U1592 (Fig. 3).

Lithic-crystal sand: At three sites (U1592, U1599, and U1600),
the base of the megabed is a ~2-m-thick layer of lithic- and crystal-
rich (LC) sand containing less than 20 wt % of pumice and less than
a few wt % of fine ash but with abundant fragments of corals and
shells (Fig. 5). The sand is bedded on a decimeter-scale, some of the
beds being rich in pyroxene, probably entrained from underlying
Santorini tuffs, and others being rich in biotite. A rip-up clast of ash
is present.

Table 1. Details of sites containing the submarine KPT ash megabed. mbsl, meters below sea level; mbsf, meters below sea floor.

Site Water depth Penetration Holes with KPT Top of KPT Base of KPT Thickness of % Recovery of
(mbsl) (mbsf) (mbsf) (mbsf) KPT (m) KPT interval
U1589 484 622 A B 88 118 30 83
U1592 693 528 B 31 236 205 68
U1599 592 698 A B 36 44 8 90
U1600 326 189 A B 15 20 5 84
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Fig. 3. Stratigraphic sections through the KPT ash megabed. The data for all four drill sites show seismic profiles, the levels of chemically analyzed glasses, and varia-
tions of key grain-size parameters (5th, 16th, 50th, 84th, and 95th percentiles) with height in the bed. At Site U1592, component abundances are also plotted with height,
and grain-size histograms of five representative samples are presented. The percentages of foraminifera that are benthic species are also plotted. Granulometry abbreviations:
dl, clay; Si, silt; Sa, sand; and Gr, gravel (for nonvolcanic sediments); and FA, fine ash; CA, coarse ash; and La, Lapilli (for volcaniclastic sediments). Eruptions of Santorini: CT3,
Cape Therma 3 (200 ka); LP2, Lower Pumice 2 (177 ka); MP, Middle Pumice (141 ka); MTS, Middle Tuff Sequence, a succession of eruptions from Cape Thera (157 ka) to Upper
Scoria 2 (54 ka) and including MP. mbsf, meters below sea floor.
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Fig. 4. Products of the KPT ash megabed at drill Site U1592. (A to E) Samples corresponding to the five grain-size histograms ([1] to [5]) in Fig. 3. In each case, the
samples lack sedimentary structures. The surfaces are wet and any apparent structures are due to surface water effects. (F and G) Scanning electron microscopy images
of representative ash pumice shards from Site U1592: (F) tube pumice and (G) frothy pumice [both from sample U1592A-25F-4 (50 to 56 cm)]. Sample names are read as
follows: Sample U1592A-35F-2 (6 to 21 cm) was collected at 6 to 21 cm from the top of section 2 of core 35 of Hole A at drill Site U1592; the letters F and H refer to the
drilling technique used.
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Fig. 5. Grain-size data for the KPT ash megabed. (A) Grain-size characteristics using Inman sorting and median diameter parameters (80). The median diameter is ¢so,
and the sorting parameter is ($pgs-(p16)/2, where the phi values are the 84th, 50th, and 16th percentiles of the grain-size distributions. Data for ignimbrite from onland
eruption units D and E from (70) are also shown as squares. The data are compared to fields for the deposits of subaerial pyroclastic currents (PC) and pyroclastic falls (PF)
(81). The two samples of coarse ash enriched in dense components (red, dashed) are from —80 m below sea floor at Site U1592. (B) Cumulative grain-size curves, showing
a well-developed distribution grading from bottom to top. (C) Componentry of the samples from Sites U1592, U1599, and U1600. Two samples from 80 m below sea floor

at Site U1592 show enrichment in lithics and bioclasts (red, dashed). LG, lithic-crystal facies; CA, coarse ash facies; FA, fine ash facies.

Coarse ash
Coarse ash: The main megabed facies is 155 m thick at Site U1592,
20 m thick at Site U1589, and a few meters thick at Site 1600. It con-
sists of well-sorted (sorting coefficient ~1 ¢) coarse ash with a me-
dian grain size in the range 2 to 4 ¢ (250 to 63 pm) (Figs. 3 and 5).
The ¢ grain-size scale is defined in Materials and Methods. The ash
is mostly composed of >85 wt % glass shards and crystals (mostly
feldspar and biotite), but subordinate (<15 wt %) lithics and bio-
clasts are also present. The lithic and bioclast contents throughout
the coarse ash (CA) facies at Sites U1589 and U1600 are higher than
those at Site U1592. The CA facies is massive to diffusely bedded,
the latter being defined by subtle fluctuations in the proportions
of the different components. There are no traces of bioturbation by
burrowing organisms.

The CA facies forms a single graded bed, with systematic varia-
tions of a number of parameters with height (Fig. 3).

Metcalfe et al., Sci. Adv. 11, eads9642 (2025) 13 August 2025

1) The median grain size decreases from 0 ¢ at the base to 4 ¢ at
the top, the grading being of distribution type (43), involving joint
shifts of the median, fine tail, and coarse tail of the grain-size distri-
bution with height (Figs. 3 and 5B).

2) The abundances of dense components (free crystals, lithics, and
bioclasts) decrease upward.

3) The percentage of benthic species in the total (benthic + plank-
tonic) foraminiferal population decreases upward, benthic species
being heavier than planktonic ones (table S5).

4) Heavier species of planktonic foraminifera (Globoconella
inflata, Truncorotalia truncatulinoides, and Truncorotalia crassaformis)
decrease upward at the expense of lighter species (Turborotalita
quinqueloba, Neogloboquadrina pachyderma, and Neogloboquadrina
incomptay).

Conversely, components that are small or light (glass shards and
tests of lighter planktonic species) increase upward in the CA facies.
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Fig. 6. Chemical data for glasses and minerals. (A) Glass element spectra normalized to N-MORB for 17 representative ash megabed samples (from the four drill sites
in Fig. 1) and two onshore KPT pumice samples, showing identical compositions. (B and C) Incompatible trace element ratio plots showing the compositional similarity of
onland (green area) and offshore (red dots) samples of the KPT, and the differences with other volcanic centers of the South Aegean Volcanic Arc including Santorini and
Kolumbo (74, 22). Typical standard deviations on the analyses are shown. (D) Major element comparison of biotites in the offshore and onland KPT samples and with off-
shore samples from Kolumbo. Kolumbo unit K5 is the 1650 CE eruption and older Kolumbo unit K3/4 has an age yet to be determined.

These trends indicate extremely efficient hydraulic sorting in the
submarine transport system.

Fine ash

Fine ash: This facies makes up the top 45 m of the megabed at Site
U1592, the top 10 m at Site U1589, and the whole unit at Site U1599.
At Site U1592, it is separated from the underlying CA facies by
a ~1-m-thick level of lithic and crystal enrichment (80 m below
sea floor; Fig. 3). The fine ash (FA) facies consists of well-sorted
(sorting coeflicient 1 to 1.5 ¢), massive to bedded glassy fine ash
(Fig. 4E) with a median grain size of 5 ¢ (32 pm) or more (Fig. 5A)
and subordinate crystal fragments, foraminiferal tests, nannofos-
sils, and clay. The bedding is commonly disturbed, probably due to
postdepositional slumping, and folds are present in the top ~5 m
at Site U1592. These structures crosscut the cores and cannot be

Metcalfe et al., Sci. Adv. 11, eads9642 (2025) 13 August 2025

due to core disturbance effects (44). Bioturbation structures are rare
to absent; possible millimeter-wide burrows are present in the top
few meters of the FA facies at Site U1592. The sparse foraminiferal
population in the FA facies is dominated by low numbers of infaunal
benthic foraminiferal surviving species (e.g., Bolivina spp., Bulimina
spp., and Cassidulina ssp.) tolerant to environmental stress and/
or recolonizing species. The FA facies is capped by a final 2.5 m of
coarse ash.

Core-seismic integration using shipboard core acoustic velocity
measurements, combined with recognition of reflections from key
lithological horizons, allows us to correlate the KPT megabed across
the rift basins between the four IODP drill sites using our preexist-
ing dense array of single channel and multichannel seismic profiles
(34, 36). The basal LC sands are represented by a high-amplitude
reflector at the base of the megabed, which is generally conformable
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on underlying strata (Fig. 2A). The CA facies appears as diffusely
to well bedded on seismic profiles, probably due to fluctuations
in component proportions. The internal subhorizontal reflectors
interpreted as bedding are generally continuous laterally, with some
lenticularity. The FA facies is seismically transparent to bedded, sepa-
rated from the underlying CA facies at Site U1592 by a prominent
reflector at 80 m below sea floor, which is interpreted to be the lithic/
crystal-enriched layer separating the CA and FA facies at the same
site (Fig. 3). The megabed can be traced across the Anafi basin,
thickening from 200 m at Site U1592 northward into the southern
end of the Amorgos Basin, where it reaches ~300 m in thickness
(Fig. 2B) (beyond which there are no seismic profiles).

Integration of the megabed thicknesses yields a volume of 73 +
2 km?, about three quarters of which is the CA facies and the re-
maining quarter is the FA facies (Fig. 2B). Note that this is just the
volume within the study area covered by our seismic profiles and
that the complete extension of the megabed is unknown, especially in
the Cretan Basin in the south. Shipboard measurements on the cores
allow precise conversion of bulk volume to dense rock equivalent
(DRE; Materials and Methods). The DRE volume is that of erupted
magma and rock after removal of all pore space from vesicles and
intergranular voids. The conversion factor was determined by mea-
suring water content, bulk density, grain density, and solids density
from samples recovered by coring using the shipboard moisture and
density facilities. The conversion factor is 0.387 + 0.021 (with no
significant difference between the CA and FA facies), giving a DRE
volume of 28 + 1 km”. Using the componentry results (Fig. 5C), we
calculate the DRE volumes of magma (glass + crystals), rock and
bioclasts to be 26, 1, and 1 km®, respectively.

DISCUSSION
Correlation with the onland KPT
The similarities of glass and mineral compositions, stratigraphic po-
sition, and age of the ash megabed to those of the KPT provide a
robust correlation between the two events that significantly increas-
es the known volume of products from that eruption. Detailed cor-
relation with specific onland eruption units has not proven possible,
because glass compositions vary little between the onland KPT erup-
tive units, as shown by published data (45) and confirmed by addi-
tional analyses of glasses from onland units D and E that we carried
out in the present study (Fig. 6 and table S3). It seems reasonable,
however, to assume that the megabed derives mainly from KPT units
D and E. From onland studies, these are the most voluminous units
of the eruption [estimated to be ~8 and ~25 km?, respectively; (30)],
and they each consist of diffusely stratified to massive ignimbrite with
basal and intraformational lithic breccias indicative of emplacement
by high-energy pyroclastic currents (30). With a thick and coarse-
grained basal breccia, onland unit E is postulated to represent the
eruption climax and onset of caldera collapse. Although the main
pumice type onland is a crystal-rich tube pumice, similar to that in
the ash megabed, other pumice types are also present in unit-dependent
amounts (30, 46). In particular, a frothy pumice was coerupted with
the tube pumice in proportions of up to 10% in units D and E, but
not in units A to C (46). The KPT tube and frothy pumices may cor-
respond to our two endmember shard types in the ash megabed (Fig. 4,
Fand G), supporting correlation with onland eruption units D and E.
The bulk eruption volume of the KPT products has been esti-
mated by extrapolating onland thicknesses across an inferred areal
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extension of ~8000 km?, giving values in the range of 90 to 110 km’
[see (30) and the references therein]. The associated uncertainty
is very large, because three quarters of that area is under the sea.
Adding the 73-km” ash megabed (and accepting that, like onland py-
roclastic current deposits, this contains some entrained acciden-
tal material) increases the total area affected by the KPT pyroclastic
currents (and their equivalent submarine flows) to >14,000 km?,
and raises the volume to 163 to 183 km’. Furthermore, adding the
known 33 km® of distal coignimbrite ash fallout (14) raises the total
bulk volume for the eruption to ~210 km’ (81 km’ DRE using our
IODP conversion factor of 0.387 or eruption magnitude 7.3). This is
a minimum estimate because it neglects any other distal submarine
ash beds around Kos.

Generation of the ash megabed

Volcaniclastic megabeds can be generated directly from explosive
eruptions or by mass wasting events from volcanic islands and sub-
marine shelves triggered by high precipitation, earthquakes, tsunamis,
or long-term sea level changes (2, 20, 24). The chemical uniformity,
massive to diffusely bedded nature, and well-developed vertical par-
ticle size and density grading together imply that the KPT subma-
rine ash megabed was laid down by a single eruptive event. The absence
of bioturbation, in contrast to densely burrowed background marine
sediments in the Expedition 398 cores (0ozes and muds), implies a
rate of sediment aggradation too rapid for surface repopulation by
burrowing organisms, which typically requires months to years even
in less destructive modern examples of seafloor disturbance (47).

The strong rift confinement and sedimentological characteristics
(graded bedding and hydraulic sorting) of the megabed show that it
was emplaced mainly by submarine gravity flows. Distribution size
grading is characteristic of sedimentation from turbulent suspen-
sions with particle concentrations of less than about ~20 vol % in
laboratory flume experiments (43), suggesting that the parent flows
were mostly turbidity currents, although we cannot rule out involve-
ment of debris flows or granular slurries at some levels. Particle con-
centrations of this magnitude are commonly estimated from in situ
measurements of modern turbidity currents (48). A component from
fallout through the water column (e.g., from subaerial plumes and
umbrella clouds, pumice raft attrition; sea-crossing pyroclastic cur-
rents; and submarine suspension plumes) cannot be excluded. How-
ever, fallout would have produced a thinner, less channelized, deposit
(2, 8, 49) with equally thick ash accumulations outside of the rift
basins, and shallow gravity cores on nearby bathymetric highs yield
submarine KPT ash layers only 1 to 5 cm thick interpreted as wind-
transported coignimbrite ash (Fig. 1) (14). The rift-confined mega-
bed could conceivably have been fed by posteruptive resuspension
of ash from the rift shoulders; however, the great thickness and sys-
tematic grading seems to preclude this as the sole mechanism (Fig. 2).
The combination of great thickness, large volume, rapid emplace-
ment as a single turbidity current event, massive to diffusely bedded
nature, upward fining, and distribution grading makes the term “mega-
turbidite” (used hereafter) appropriate (16, 50).

We interpret the CA facies of the megaturbidite as the product of
progressive aggradation from a sustained, but pulsatory, stream of ash-
rich turbidity currents, generated by (i) syn-eruptive entry of
pyroclastic currents into the sea, followed by (ii) slumping and
remobilization. The unsteadiness in sediment supply, resulting in
laterally continuous internal reflections with possible upward-fining
para-sequences, may have been either source derived or locally
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derived due to flow divergence around bathymetric obstacles, pulses
in remobilization, or intrabasinal sloshing effects (51). The LC sand
at the base of the megabed is interpreted as a mixture of entrained
substrate and dense components deposited at the leading edge of the
turbidity current stream. The fines-depleted nature of the sand may
be due to winnowing of vitric ash from the highly turbulent flow
front. Although the ~1 km® of bioclastic material in the megabed
bears witness to important seafloor erosion upstream, there are no
large-scale unconformities visible on seismic images within the
Anafi and Anhydros Basins themselves (Fig. 2A). This shows that,
by the time the currents arrived in the basins, they were incapable of
scouring the substrate on a large scale, although up to a few meters
of erosion is permitted by the resolution of the seismic images. Only
the presence of ash rip-up clasts and an accumulation of diffractions
at the base of the LC facies (Site U1592; Fig. 3) are indicative of mi-
nor scouring of the basin floors.

During sedimentation of the CA facies, large and dense compo-
nents (crystals, lithics, and dense bioclasts), along with heavier fora-
minifer tests (benthic and heavier planktonic species), settled first,
while vitric ash and lighter planktonic species were retained in sus-
pension to fall out later as the flow waned. The upward decrease of
benthic foraminifera, which mimics the upward decrease in lithics
and dense bioclasts (Fig. 3), may also be, in part, attributed to smoth-
ering of the sea floor by the turbidity currents, cutting off the supply
of seafloor-derived material. In the absence of any features indica-
tive of hot deposition (sintering, gas segregation pipes, and oxida-
tion coloration), and, given the large distance from the volcanic source,
we infer that the megaturbidite in the Anafi and Anhydros Basins
was emplaced cold (16, 24).

The FA facies forms a sedimentologically and seismically distinct
layer above the CA facies (Figs. 2A and 3). Being composed almost
entirely of massive to laminated fine vitric ash, it clearly records the
end phase of megabed emplacement: the fine-grained tail of the tur-
bidity current event (52), probably followed by prolonged ash resus-
pension by wave action and any slumping that may have taken place.
Sedimentation of the FA facies may have occurred in a grain-by-grain
Stokesian manner or by en masse collapse of suspended sediment
clouds as plume instabilities (53). Apart from perhaps the top few
meters, sedimentation of the FA facies took place too rapidly (months
to years) for the recovery of mature benthic communities. The oc-
currence of slump folds in the upper FA facies implies instabilities
due to seismic shaking or pore fluid overpressures following rapid
sediment aggradation (2).

Published studies of the KPT eruption (10, 11, 30), of modern
(18, 54) and ancient (22, 24) submarine deposits formed by the en-
try of pyroclastic currents into the sea, and of laboratory flume ex-
periments (17, 19) jointly provide a basis for understanding the
genesis of the ash megaturbidite. The terrestrial KPT deposits from
eruption phases D and E are stratified to massive ignimbrite and
lithic breccias laid down by a stream of quasi-steady pyroclastic
currents that would have entered the sea at high temperatures (30).
Pyroclastic currents crossing the shoreline are believed to split into
two parts: a dilute upper part that travels across the sea surface and
a dense lower part that plunges below it. KPT tuffs on Tilos Is-
land and the Datca Peninsula (Fig. 1) have been interpreted as
the deposits from the sea-crossing flows of the eruption (10), while
a thick sediment layer visible on seismic profiles around and inside
the Kos caldera has been interpreted as the proximal submarine
facies (29, 31).
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As the dense, lower levels of the pyroclastic currents entered the
sea, they would have entrained sea water and transformed into cold,
water supported gravity flows. Experiments have shown that hot
pumice clasts placed in water rapidly saturate and sink because the
hot gases in any interconnected pores cool and change phase, pull-
ing in the cold water (55). Cold pumice, on the other hand, floats on
water before slowly saturating and sinking on a longer timescale.
We, therefore, envisage that hot pumice clasts in the KPT pyroclastic
currents would have rapidly been saturated with seawater and carried
away in the turbidity currents. On the other hand, cold pumice
clasts (or hot pumice blocks that were too large to saturate before
cooling) may have floated to form pumice rafts before later saturat-
ing and sinking. As the turbidity currents traveled from source vents
situated 120 to 140 km east of the Expedition 398 drilling sites,
both lithic clasts and water-saturated pumice lapilli (>2 mm) would
have settled out (17, 18), progressively enriching the currents in ash
(<2 mm). This is consistent with the observation that the ash mega-
bed is systematically finer grained than onland ignimbrite units D
and E of the eruption (Fig. 5A), although quench fragmentation in
contact with seawater may also have played a role.

Two other features of the megaturbidite are consistent with long
transport. First, it is well sorted, with values more similar to those of
terrestrial fall deposits than those of pyroclastic flows (Fig. 5A). Sec-
ond, the megaturbidite is enriched in vitric ash relative to the KPT
magma. The KPT magma contains 25 to 30 vol % of crystals [(45, 46);
vitric/crystal ratio 2.3 to 3], whereas, if averaged over the height
of the U1592 section, then the mean percentage of magmatic com-
ponents (glass + crystals) in the megaturbidite that are crystals is
12 vol % (vitric/crystal ratio of 7.3). Hence, the megaturbidite is
the product of turbidity currents that are enriched in vitric ash relative
to the original magma, having lost material relatively rich in crystals
upstream of the drill sites.

The separation of particles of different sizes and densities may
have occurred progressively during transport of the turbidity cur-
rents. Water is known to sort particles according to their size and
density more effectively than gas (2, 39). However, an additional,
even dominant, mechanism may have involved violent explosions
and boiling at the shoreline when the hot pyroclastic material met
water (17, 18). Littoral explosions were observed at Montserrat when
pyroclastic currents entered the sea (54); the explosions are believed
to have sorted the pyroclastic material, depositing the coarse (lithics,
large bioclasts, and water-saturated pumices) and dense (lithics and
crystals) particles near the shoreline and generating ash-rich turbid-
ity currents that then traveled into deeper water. Laboratory flume
experiments running hot ash into water also generate vigorous mix-
ing zones in which ash is separated from coarser fractions (17, 19).
This raises the possibility (testable by future drilling) that the ash-
rich KPT turbidity currents were generated close to the shoreline
around the ancient Kos Volcano. Last, settling of ash from sea-crossing
pyroclastic currents, which are believed to have traveled up to ~60 km
from source (10, 11), may also have contributed to the submarine
turbidity currents.

Delivery of the ash-enriched turbidity currents to the

basin sites

We infer from our data that the KPT turbidity currents flowed west-
ward 120 to 140 km parallel to the volcanic arc until they were trapped
in the Anafi, Anhydros, and Amorgos rift basins (Fig. 1). Most of the
flow route would have been under water, as eustatic sea level 161 kyr
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ago was only ~80 m below that of the present day (Fig. 1) (56). The
Anafi and Amorgos Basins must have been deep troughs at that time
to have “instantaneously” accommodated the KPT ash, since sub-
sidence of 200 to 300 m could not have occurred within the duration
of the eruption. The deep basins and the high master-fault scarps de-
fining their western boundaries thereby served as bathymetric traps
for the turbidity currents, allowing great thicknesses of ash to accumu-
late. Upon reaching the Anafi and Amorgos Basins, the turbidity current
suspensions either had sufficient inertia or had inflated sufficiently to
overspill the ~400-m-high Anhydros Horst and to deposit 5 m of ash
at Site U1600 and 30 m at Site U1589. The higher lithic and bioclast
contents of the CA facies at Sites U1600 and U1589 compared to
those at Site U1592 (Fig. 5C) may be due to entrainment of debris
from the horst during overspilling. Two endmember scenarios can be
envisaged to generate the thick basin fills: (i) turbidity currents of low
concentration maintained for a long time or (ii) turbidity currents of
higher concentration maintained for a shorter time.

To test whether the seafloor bathymetry would have directed the
KPT currents to the basins NE of Santorini, we used idealized mod-
els of currents with constant excess density (equivalent to assuming
that the particulate load was fully suspended) that neither erode or
deposit sediment nor entrain ambient ocean water. The currents
were discharged for 24 hours across a digital elevation model of the
seafloor bathymetry, sourced from the circumference of a 30-km-
radius cylindrical volume around the Kos Volcano. The transforma-
tion from gas-supported pyroclastic currents to water-supported
turbidity currents was assumed to have taken place entirely within
the source cylinder. The supply (i.e., eruption) rate was chosen to be
appropriate for the KPT eruption by assuming that the excess den-
sity of the flow was due to suspended ash. Given the simplicity of the
models, which lack many features of real-world turbidity currents
[suspended particles, vertical stratification, mass loss through sedi-
mentation, mass gain through seafloor erosion, and entrainment of
ambient seawater; (57-59)], the calculations serve simply to trace
possible pathways of the KPT submarine flows governed by the
complex seafloor bathymetry. They are unable to realistically simu-
late realistic flow-front velocities, emplacement timescales, or depo-
sitional maps. The Hunga Tonga eruption-fed turbidity currents have
also been modeled using a constant-density flow model, and a rea-
sonable correspondence between model flow pathways and real flow
paths was found (4).

The equations, parameters, and assumptions of the models are
discussed fully in Materials and Methods. A representative model is
shown in Fig. 7, and others with different parameters are presented in
fig. S2. In all of the models, the highly unsteady current front is fol-
lowed by a quasi-steady body that is maintained over many hours.
Flow streamlines in the current body imaged by tracers released 6
and 12 hours after the supply onset are directed by the bathymetry
to the east, south, and west of the Kos Volcano (a landmass existed
to the north 161 ka when sea level was 80 m lower than today). To
the west, the currents are directed down very gentle (average ~0.2°)
bathymetric gradients into the Anafi and Amorgos Basins, from
which (as the currents accumulate in those basins) they spill over into
the Anhydros Basin. Although these simple models do not capture
the full, highly complex real-world physics of the KPT turbidity cur-
rents, they show that the westward flow trajectory from Kos to the rift
basins NE of Santorini inferred from our field study is feasible and
open the way for more complete modeling of long-distance runout

[e.g. (59)].
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The KPT example in the spectrum of volcanogenic

turbidity currents

Submarine megabeds result from catastrophic re-sedimentation
events such as earthquakes, tsunamis, slope failures, or volcanic
eruptions (60, 61). Although the volumes of transported sediment
can be very large [up to 10? to 10° km?; (48)], most megabeds are
less than a few tens of meters thick, making the KPT one of the
thickest Quaternary examples known. The KPT megabed is much
thicker than the ash turbidites generated at comparable (~100 km)
distances from the volcanic eruptions at Hunga-Tonga in 2022 [<50 cm
at 100 km; (23)] and Montserrat in 2003 [few centimeters at 100 km;
(18)]. Moreover, the KPT eruption discharged 30 or more times more
material into the sea than Hunga-Tonga (6 km?) and a thousand
or more times more than Montserrat (0.2 km?). Other examples of
historical shoreline-crossing pyroclastic currents such as Vesuvius
(79 CE), Tambora (1815), and Krakatau (1883) are also smaller than
the KPT (24). However, eruptions of similar magnitude (M ~7.3) to
the KPT occur once every 10° years globally (27), and submarine
megabeds up to 150 m thick from large-magnitude eruptions at
Campi Flegrei (61), Kikai (62), and Santorini (22, 63) calderas have
been identified. Ancient analogs of the KPT megaturbidite are
also known from the geological record (table S6), although none
of these are thicker than 150 m. Examples include the Merrions
Tuff (Australia), the Dali Ash (Greece), the Myazawa Tuff (Japan), and
the Stanley Tufts (USA), which are interpreted as ash-dominated,
graded megaturbidites from subaerial or shallow marine explosive
eruptions [(24, 25); additional references in table S6]. Like the KPT
megabed, some also consist of two distinct layers: a thicker mas-
sive ash or lapilli-ash layer from the turbidity current body overlain
by a finer-grained layer from the current wake or late-stage suspen-
sion fallout. Among these volcanic examples, the KPT submarine
ash megabed is unique in its great thickness and in its unambiguous
connection to a well-documented onland Quaternary eruption.

While emphasis is commonly placed on the onland and atmo-
spheric impacts of large explosive eruptions, the present study serves
to illustrate the huge but largely invisible effects of large volcano-
genic gravity flows on the submarine realm. Infilling of the Anafi
and Amorgos Basins with 200 to 300 m of ash records the ability of
such low-frequency but high-impact events to resculpt the seafloor
landscape over huge areas in a similar manner to large submarine
landslides and their associated turbidity currents (64). Although
some large, nonvolcanic turbidites have volumes comparable to or
larger than the KPT submarine megabed (48), the key factor in
permitting the accumulation of the KPT ash to such great thick-
nesses was the presence of sediment-starved rift basins that served
as traps for the eruption-fed turbidity currents. This highlights the
very important role of seafloor bathymetry and spatially limited
depocenters in governing the thickness of gravity-flow deposits in
ancient successions.

The presence of more than 1 km® of bioclastic debris in the KPT
megabed is consistent with the known ability of turbidity currents to
destroy marine ecosystems and to bulk during transport due to ero-
sion of the sea bed (4, 65). However, the amount of lithics and bio-
clasts accounts on average for only ~8 wt % of the entire megabed
section at Site U1592, and many of the lithics may be source derived.
Moreover, the vitric components are compositionally very homoge-
neous and, hence, mostly juvenile. The percentage of entrained ma-
terial in the KPT submarine megabed is, therefore, small compared
to that (about one-third) in the Hunga-Tonga submarine flows (4).
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Fig. 7. Density current model showing that the KPT turbidity currents could have been directed by the regional seafloor bathymetry to the rift basins NE of
Santorini. The current has a constant density and flows downslope without stopping. No particle sedimentation or basal erosion is taken into account. In this example,
the flow density is 1094 kg m~ (equivalent to a concentration of virtual suspended ash of about 5 vol %). The current is released from a 30-km-diameter cylindrical source
volume around the Kos caldera (green circle) at a rate equivalent to a magma (i.e., virtual suspended solids) flux of 3 x 10° kg s™', consistent with a time-averaged dis-
charge rate smaller than the peak value for the KPT eruption [4 x 10° to 8 x 10° kg s™"; (11)]. The supply (i.e., “eruption”) is maintained for 24 hours. The current initially has
a velocity of 0 m s™" but then rapidly accelerates due to the bathymetric gradient. See Materials and Methods for full details. (A) Flow streamlines in the current body (well
behind the transient head) visualized by neutrally buoyant tracers released 6 (black) and 12 (brown) hours after the eruption onset. Dark brown areas are present-day land
and pale brown is area above the —80-m contour, representing approximate sea level 161 kyr ago. The four deep-drilling sites concerned here are shown as yellow stars.

(B) Bathymetric profiles down the three (red, green, and blue) streamlines.

It is highest (30 to 80 wt %) in the basal 20 m of the megabed at Site
U1592, but less than a few wt % in the overlying 190 m (apart from
some thin lithic-rich levels) (Fig. 3). While the front of the current
was highly erosive, the current body, eruption fed for many hours to
days (30), traveled mostly across its own deposit. Hence, while epi-
sodic reentrainment of the deposit was highly likely, most of the tur-
bidity current was isolated from the preeruptive sea floor.

Submarine ash dispersal from pyroclastic currents

The processes by which pyroclastic currents generate atmospheric
coignimbrite plumes are well understood (Fig. 8) (13). The KPT ash
fall layer, ~33 km? in bulk volume, occurs in marine sediments across
the eastern Mediterranean and is thought to be mainly coignimbrite
in origin (Fig. 1) (14). Coignimbrite ashes are typically fine-grained,
with mean sizes of >4 ¢ [>63 pm; (13)]. The KPT megaturbidite
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highlights another mechanism for distributing large volumes of ash
from explosive eruptions in marine settings. In this case, interaction
of the hot dense pyroclastic currents with the sea caused efficient
hydraulic sorting of particles of different sizes and densities, and the
resulting ash-rich turbidity currents traveled far from the source.
This is because, unless the current enters the deep-sea realm where
the water is colder and saltier (66), shallow marine turbidity currents
will not undergo buoyancy reversal, and the ash will be transported
until the current velocity wanes or the flow encounters a bathymet-
ric trap. In the case of the KPT, the top 45 m of the deposit in the
Anafi Basin (FA facies), corresponding to ~18 km? of ash, has simi-
lar grain-size characteristics to terrestrial coignimbrite ash. Hence,
the volume of fine ash contained within just the Anafi and Anhydros
Basins is comparable to that lofted by the atmospheric Phoenix cloud
of the eruption.
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Fig. 8. Two mechanisms for the dispersal of volcanic ash from the KPT explosive eruption. The mechanism by which subaerial pyroclastic currents loft to generate
atmospheric coignimbrite Phoenix plumes that are then dispersed by the wind (right) is well understood (73). However, the present paper shows that efficient particle
segregation in submarine pyroclastic currents and the turbidity currents into which they transform (left) can also result in thick beds of distal ash of volume comparable
to or greater than those of Phoenix plumes. The figure is not to true scale. The volume figures refer to the KPT eruption. They are bulk values (i.e., non-DRE), minimum
estimates acknowledging that larger reserves of submarine eruptive products from the eruption probably remain to be discovered.

Despite the presence of 200 to 300 m of submarine KPT ash in
the Anafi and Amorgos Basins, no trace of KPT deposits have, to
our knowledge, survived erosion on Santorini or neighboring is-
lands. Without IODP Expedition 398, the true extent of the KPT
would, therefore, have remained unknown, highlighting the impor-
tant contribution the submarine realm makes to our understanding
of island volcanoes. The discovery changes our perspective of the
potentially large, hidden volumes of island arc eruptions and the
ability of turbidity currents to disperse fine ash far from the eruption
source. The large volume and great extent of KPT ash suggest that
the volumes of some explosive eruptions from island volcanoes may
have been underestimated.

MATERIALS AND METHODS

IODP Expedition 398 deep-sea drilling

IODP Expedition 398 took place on the R/V JOIDES Resolu-
tion over 2 months, from 11 December 2022 to 10 February 2023,
and drilled at 12 sites in and around the Christiana-Santorini-
Kolumbo Volcanic Field (33). Details of the four sites at which the
KPT megabed was recovered are given in Table 1. Two to three
holes (A, B, and C) were drilled ~50 m apart at each site, and the
ash megabed was intersected in one or more of these holes using
either Advanced Piston Coring (9.5-m stroke) or Half-Length
Advanced Piston Coring (4.7-m stroke). The core diameters
were 6.2 cm. The standard array of shipboard physical property
measurements was made on the cores (https://iodp.tamu.edu/
labs/index.html). The cores were logged and described, taking
into account artefacts of drilling and core recovery such as sedi-
ment mixing, shear-induced uparching, brecciation, biscuiting,
and ash liquefaction (44). Samples of pumice lapilli and ash were
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collected from the cores for chemical and mineralogical analysis.
Bulk sediment samples were taken from the core catcher of every
core for micropalaeontological analysis and determination of pa-
leowater depths.

Digital elevation model

The digital elevation model (Fig. 1) was produced by merging
satellite-derived Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER) data, a community-sourced elevation
model from the European Marine Observation and Data Network
(EMODnet), data acquired on board the R/V Aegaeo during the
Geospatial Warning Systems (GEOWARN) project, and data from
the R/V Marcus G. Langseth during the Plumbing Reservoirs of
the Earth Under Santorini (PROTEUS) seismic tomography project
(35, 67). The swath dataset (lateral resolution of 20 m) in the area
between Kos, Nisyros, and Tilos islands was obtained from three
multibeam bathymetric surveys carried out on R/V Aegaeo dur-
ing 2000. During the first mission, the area of Nisyros Island and
the surrounding small islets were mapped using the SEABEAM
1180 (180 kHz) system, which is suitable for seabed mapping in
shallow-middle depths (<500 m). The other two missions complet-
ed the mapping of the whole area of Kos-Nisyros-Tilos using the
SEABEAM 2120 (20 kHz) system, which is suitable for seabed
mapping in depths >500 m. By operating the systems for a total
period of 12 days with an average speed of 10 knots, 3500 km” were
covered from very shallow depths to depths of 2200 m. Bathymetric
data in the Santorini-Anafi-Amorgos region were acquired on-
board the R/V Marcus G. Langseth using the Simrad Kongsberg
EM122 12-kHz multibeam echo sounder (35). Data were processed
using the MB-SYSTEM open-source software (www.mbari.org/
mb-system) and merged with preexisting data (67).
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Chemical compositions of glasses and minerals

Glass shards from the submarine KPT ash megabed were analyzed
at 31 levels at Site U1592, 8 at U1589, 2 at U1599, and 5 at U1600.
Glasses from representative pumice lapilli taken from eruptive units
D and E of the onland KPT (28) and provided by O. Bachmann were
also analyzed for comparison. In each case, a 63- to 250-pm glass
fraction was embedded with epoxy resin into 12 predrilled holes in
acrylic mounts and polishing to facilitate measurements with the
electron microprobe (EMP) and the laser ablation inductively coupled
plasma mass spectrometer (LA-ICP-MS). Biotite and plagioclase
were also separated from samples from Sites U1592 and U1589 and
from the onland KPT and were mounted in epoxy for analysis.

Major and minor elements of glasses were analyzed at two labo-
ratories: the Laboratory of Magmatism and Volcanism in Clermont-
Ferrand, France (LMV), and the GEOMAR Helmholtz Centre for
Ocean Research, Kiel. Major and minor elements of crystals were
analyzed at the LMV. Analyses were carried out at the LMV using a
CAMECA SX-100 EMP and at GEOMAR using a JEOL JXA 8200
wavelength dispersive EMP. In both cases, an accelerating voltage of
15kV, abeam current of 6 nA, and a 10-pm-diameter electron beam
to minimize sodium loss were used. Oxide concentrations were de-
termined using the ZAF correction method. Accuracy was moni-
tored by two measurements each on Lipari obsidian and Smithsonian
basaltic standard VGA99 (68) after every 20 analyses. All analyses
with totals of >90 wt % were renormalized to 100% to eliminate the
effects of variable postdepositional hydration and minor deviations
in focusing of the electron beam.

Trace element contents of glass shards were analyzed by LA-ICP-
MS in two laboratories: the LMV and the Academia Sinica in Taipei,
Taiwan. Both laboratories used 193-nm excimer lasers with 24- to
30-pm beam sizes connected to Agilent 7500 or 7900 ICP-MS in-
struments. Background was counted for between 20 and 45 s, and
samples for between 75 and 100 s. The internal standard was **Ca
(Taiwan) or *Ca (LMV), with CaO contents determined by EMP on
the same glass shard. The external standard was National Institute of
Technology (NIST) 612, and the secondary standard was Columbia
River Basalt (BCR). The GLITTER software was used to reduce the
data and calibrate with standards to obtain trace element concentra-
tions. The limit of detection was <100 parts per billion (ppb) for most
trace elements and ~10 ppb for rare earth elements. The analytical
precision was better than 10% for most trace elements and the anal-
yses; the results from both laboratories were found to be the same
within analytical uncertainty.

Grain-size and component analyses
Grain-size analyses were carried out on 43 bulk samples (mostly, 30
to 80 g) covering the range of lithologies. The 34 samples containing
size fractions larger than 63 pm were first sieved by hand at one-phi
intervals from —2 to 4 ¢. The standard phi scale of grain size is de-
fined by d = 2%, where d is grain diameter in millimeters. Sub-63-pm
fractions from all the samples were analyzed by laser diffraction using
a Malvern Mastersizer 3000 at the Institut de Chimie de Clermont-
Ferrand, France, using Mie theory with an absorption coefficient of
0.001 and a refractive index of 1.56. All measurements were performed
in water under ultrasonic assistance with a few drops of surfactant.
Component proportions were measured by point counting up to
400 grains under a binocular microscope (250 pm and above) or
under a polarizing microscope (125 and 63 pm). Observation under
crossed polars allowed distinction between crystals, foraminifera,
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and glass in the finest size fractions. Component proportions in
fractions smaller than 63 pm were assumed to be the same as in the
63-pm fraction. Component number percentages were converted
to weight percentages assuming densities of 2500 kg m ™ for lithics,
1000 kg m ™~ for bioclasts, and 2746 kg m ™ for crystals (90% of light
crystals at 2681 kg m ™ and 10% of dark crystals at 3330 kg m™)
(46). Densities of vitric components were taken as 800 kg m™ at —2
¢ (46), 2300 kg m™ at >3 ¢, and extrapolated linearly between —2
and 3 ¢ (69). For conversion of weight percentages to DRE vol-
ume percentages, a void-free solid density of 2680 kg m ™ was used
(see below).

Seismic data

The seismic profile shown in Fig. 2A was collected during cruise
POS338 with R/V Poseidon in 2006 (70). A GI-pulser was used and
operated in true GI mode with a primary (Generator) volume of
45 inches’ (737 cm’) and a secondary (Injector) volume of 105 inches”
(1721 cm?). Using a 600-m analog streamer with 24 channels, we
defined a common midpoint (CMP) spacing of 12.5 m. Processing
of these data comprised trace-editing, simple frequency filtering
(10 to 500 Hz), suppression of a receiver-ghost signal by predictive
deconvolution, surface-related multiple elimination (SRME), as
well as spherical divergence correction, prestack time migra-
tion followed by top muting and white-noise removal. These data
have a main frequency of 60 Hz, indicating a vertical resolution of
8 to 15 m.

For the mapping of the KPT (Fig. 2B), the seismic data from
cruise POS338 and two other cruises between 2006 and 2019 were
used (71). Single-channel seismic data were acquired in 2006 during
the THERA project on R/V Aegaeo. A G-pulser was used as the seis-
mic source, with a volume of 10 inches® (164 cm?). The general pro-
cessing comprised simple band-pass filtering (15 to 500 Hz), despiking,
predictive deconvolution for the suppression of a strong bubble sig-
nal, and spherical divergence correction. To migrate the data, we
binned the shot points into a regular spacing of 10 m. After migra-
tion, we applied a top-mute and white-noise removal. The vertical
resolution of these data can be approximated to 8 to 15 m (using the
A/4- or A/2-approximation).

During the most recent cruise POS538 with R/V Poseidon in
2019, we acquired seismic data with a much higher lateral resolution
(CMP spacing of ~1.56 m). As a seismic source, we used a GI-pulser
that was operated in harmonic mode with primary and secondary
volumes of 45 inches® (737 cm?). Seismic energy was recorded by
multiple concatenated Geometrics GeoEel streamer segments, re-
sulting in active streamer sections ranging from 190 to 250 m in
length. Processing comprised trace editing, simple frequency filter-
ing (15 to 1500 Hz), and multiple suppression by means of SRME.
This was followed by spherical divergence correction, time-variant
frequency filtering, prestack time migration, top muting, and white-
noise removal. With a main frequency of 125 Hz, the vertical resolu-
tion is 4 to 8 m.

All processed seismic profiles were combined into an interpreta-
tion project using KingdomSuite software. Here, we established the
stratigraphic framework [following published (36) nomenclature in
in all basins, except for the Anhydros Basin, for which we refined
the seismostratigraphy based on new biostratigraphic age mark-
ers], mapped seismic units, and created isochron maps (vertical
thickness in two-way travel time) by interpolating between the seis-
mic profiles.
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P-wave velocity, core-seismic integration, and deposit
volume estimation

Integration of core data with seismic profiles requires shipboard
measurement of compressional wave (P-wave) velocity. This was
measured in situ on wet samples from the working half of split cores
using the P-wave gantry system on the JOIDES Resolution. Mea-
surements were conducted perpendicular to the core using caliper
transducers for every section unless core quality was compromised.
For more efficient contact, deionized water was applied on the lower
transducer in contact with the core liner. To protect the upper cali-
per transducer from dirt and damage, a piece of plastic film was placed
on the split core surface.

The system uses Panametrics-NDT Microscan delay line trans-
ducers, with a frequency of 500 kHz. The distance between the two
transducers was measured with a built-in linear variable differential
transformer. The P-wave passing through the sample was recorded,
and first arrivals were picked as the initial rise of the first peak using
an automated procedure. Velocities were manually picked only in
circumstances where the automated thresholds did not align with
the observed first arrival. The velocity measurement includes a cor-
rection for the core liner of known thickness.

A total of 264 discrete P-wave velocity measurements of the KPT
were made at Sites U1589A and U1592A. We neglected all data
when the sample description included “soupy material plunger used
to compact sections.” The mean velocity is 1587 m s™* with a stan-
dard error of 3 m s~ and a standard deviation of 40 m s™*. We used
this velocity to convert the isochron maps to isochore maps (Fig. 2B)
in meters and to estimate the bulk volume of the KPT ash megabed.

Conversion of volume to DRE

The Dense Rock Equivalent (DRE) conversion factor is the volume
of erupted magma and rock compared to the deposit volume after
removing all pore space from vesicles and intergranular voids. The
conversion factor was determined by measuring water content,
bulk density, grain density, and solid density from samples re-
covered by coring using the moisture and density facilities on the
JOIDES Resolution.

A dual-balance system was used to measure both wet and dry
masses. The two coupled analytical balances, Mettler-Toledo XS204,
were used to compensate for the ship motion: one acting as a refer-
ence and the other for measurement of the unknown. Before weigh-
ing sample-standard pairs, the balances were “tared” to zero based
on the mean of 300 measurements; this procedure was performed
every 6 hours. Standard weights of similar value to the sample’s
weight were placed on the reference balance, and the sample was
placed on the balance for the unknown mass. Each reported sample
mass is the mean of 300 measurements. If the reference and sample
masses differed by more than 2 g, the measurement was aborted and
then repeated after adjusting the weights on the reference balance.
Typically, samples were 10 to 20 g when wet.

Immediately after samples were collected, the wet sample mass
was measured. Dry sample mass and volume were measured after
drying the samples in a convection oven for 24 hours at a temperature
0f 105° + 5°C and then cooling them within a desiccator for 3 hours.
Dry volume was measured using a shipboard helium-displacement
pycnometer with a nominal precision of +0.04 cm’. Each volume
value consists of an average of three measurements.

For calculation of sediment bulk density, dry density, grain den-
sity, porosity, and void ratio, the traditional ODP method was used
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(33), assuming a porewater salinity of 0.035 per mil and density of
1024 kg m . Because there are isolated vesicles entirely encased by
glass in the pumice clasts, the measured grain density (2473 + 77 kg
m ™) can be lower than the density of solids. To account for isolated
vesicles, we used the highest measured grain density as an estimate
of the solid density (2680 kg m™>).

A total of 71 moisture and density samples of the KPT were mea-
sured on the CA and FA facies from Site U1592A and Site U1589A.
The mean DRE conversion factor is 0.387 with a standard er-
ror of 0.021, slightly higher than that for the Archaeos Tuff [0.341 +
0.009; (22)], and no statistically significant difference between the
two facies.

Microfossil assemblages and paleobathymetry

Foraminifera and calcareous nannofossils were obtained from 5- to
10-cm whole round sediment samples; most of the samples were
taken from core catchers or the bases of cores, but, where appropri-
ate, additional split-core samples were taken to better define bio-
stratigraphic datums.

Samples were prepared by manually breaking the core into small
pieces and soaking in hot water when clay was present. After 5 to
10 min, samples were disaggregated and washed over a 63-um
mesh sieve to remove all mud, silt, and ash. The washed microfossil
residue retained on the sieve was dried on filter paper in low tem-
perature at ~50°C in a thermostatically controlled drying cabinet
and subdivided with a microsplitter into equal aliquots for exami-
nation of planktonic and benthic foraminifera. As a precaution
against cross contamination, sieves were cleaned with jetted water,
placed in an ultrasonic bath for several minutes, dried with com-
pressed air, and thoroughly inspected between samples. For cal-
careous nannofossil analyses, standard smear slide methods were
used for all samples using optical adhesive as a mounting medium.
The nannofossils were examined under a polarizing light micro-
scope at X1250 magnification and were classified taxonomically
(72, 73).

The taxonomy for planktonic foraminifera follows a modified
version of the phylogenetic classification (74), with additional spe-
cies concepts (75). The 2020 Geologic Time Scale (76) was used and
updated with regional biostratigraphic schemes and datums (41, 72).
Benthic foraminifer assemblages in the >125-pm grain-size fraction
were the primary tool used for estimating palacowater depths, using
published taxonomies (77). Palaecowater depth ranges were estimated
using the deepest calibrated depth marker contained in each sample
[(42) and the references therein]. The species used (with palaeodepth
ranges in brackets) are Articulina tubulosa (>1000 m), Cibicides
pachyderma (200 to 700 m), Cibicidoides mundulus (>1000 m), Cibicidoides
wuellerstorfi (>1000 m), Gyroidina soldanii (200 to 700 m), Hoeglundina
elegans (50 to >700 m), Hyalinea balthica (200 to 700 m), Karreriella
bradyi (200 to 700 m), Oridorsalis umbonatus (500 to >1000 m),
Planulina ariminensis (>50 to 700 m), Trifarina angulosa (50 to 700 m),
Trifarina bradyi (200 to 700 m), and Uvigerina peregrina (>100 to
700 m). The complex sedimentary and volcanotectonic settings sam-
pled during IODP Expedition 398 resulted in some uncertainties in
paleowater depth reconstructions through sediment remobilization
and downslope displacement of shallow-water species.

Tephrostratigraphic age constraints
The age of the KPT ash megabed is constrained by the ages of Santorini-
derived tephra immediately below and above the bed (table S1).
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Flow modeling
We carried out the density current modeling using the numerical
code VolcFlow, which is a freely available code that solves the depth-
averaged equations of mass and momentum conservation for fluids
of different rheologies over three-dimensional terrain (78). In the
present application, the flows were assumed to be fully turbulent and
to have a constant density in excess of that of the ambient seawater
(equivalent to a saline flow or a turbidity current containing per-
fectly suspended particles). Several important features of real-world
turbidity currents, including particle sedimentation, basal erosion,
flow stratification, and entrainment of ambient seawater (57-59, 65),
were neglected, as discussed below. The turbidity current was, there-
fore, approximated by a quasi-steady seafloor-hugging flow of con-
stant density. The aim of the modeling was simply to test whether the
seafloor bathymetry could have directed the KPT turbidity currents
westward toward the Anafi, Amorgos, and Anhydros Basins NE of
Santorini. The models are not presented as robust simulations of the
natural submarine flows and should not be taken as such.

The governing depth-averaged flow equations are based on mass
conservation

oh 0 0
5+ a(hvx) + a—y(hvy) =0 (1)
and conservation of momentum in the x and y directions
9 9 (om?)+ -2
5 (phvx) + o (phvx) + o (phvxvy) on
=(p—py)ghsina, —O.Sai{ (p—py)gh® cosa, } + T,
x

0 0 2 0
a(phv},)+a—y<phvy)+a(phvxvy) o)

. 9
= (P=py)ghsingy ~0.55 0 (p=py gl cost ) +1,

h is the thickness of the current, v = (vx, vy) is its velocity, and o
and a, are bathymetric slope components in the x and y directions.

The resistance force T is taken to be in the turbulent form

T'=—cplvllv 3)

with ¢4 being the drag coeflicient that typically has a value between
0.001 and 0.01 in environmental flows (79). The equations were solved
numerically (78) with a time increment of 5 s.

The flow densities were calculated by assuming the suspension of
different concentrations of KPT ash particles (pp), the densities of
which were taken to be 2300 kg m™. The density of Mediterranean
seawater (p,,) was taken to be 1030 kg m ™. For an equivalent con-
centration of particles C, the flow density (p) is given by

p=p,C+p,(1-C) (4)

The currents were run over a 500-m-resolution digital elevation
model of the modern seafloor (Fig. 1), modified by removing the
KPT accumulations from the Anafi and Amorgos Basins, while also
taking into account the fact that these basins have subsided a further
~100 m since the eruption (Fig. 2A). This removal recreates the deep
rift basins that existed before the KPT eruption and that served to
trap the incoming density currents. Use of the present-day sea-floor
bathymetry is subject to some error, because rifting since 161 ka
may have modified the bathymetry around Kos (31), but it is a best
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first assumption. The ambient seawater layer was assumed to be in-
finitely high to allow the model to deal with shallow conditions near
the eruption source without creating unrealistic conditions. The
modeled density currents were never thicker than the local sea depth
in the models presented.

We assumed that the density currents were sourced from a cylin-
drical volume of 30 km in radius, centered on the Kos caldera. We
did not attempt to model the very complex transformation of pyro-
clastic currents into turbidity currents; any thermal effects were
ignored, and we assumed that, outside of the source cylinder, the
currents were fully water supported. The density currents were gen-
erated around the circumference of the source cylinder at an equiv-
alent magma (i.e., virtual suspended solids) flux of 3 x 10° kg s™"
and a supply (i.e., eruption) duration of 24 hours (for a total dis-
charged mass of 2.59 x 10'* kg, equivalent to 108-km’ DRE). The
imposed initial velocity of the flows was varied from 0 to 60 m s,
but the streamline patterns were insensitive to this initial condition
because the density currents rapidly adjusted their speeds to the
ambient conditions given by the governing equations. Currents of
two different densities (1094 and 1157 kg m ™, equivalent to 5 and
10 vol % of suspended ash) were modeled, recognizing that these
are quite high for the Boussinesq assumption inherent in the depth-
averaged model. Flow pathways were imaged by releasing neutrally
buoyant tracer particles 6 and 12 hours after the eruption onset. By
restricting tracing streamlines to the current body, well behind the
leading edge, we avoided complications of modeling the highly un-
steady and transient flow fronts. The different models are shown in
fig. S2.

Our simple modeling neglects some key processes that occur in
natural turbidity currents. First, there is neither a decrease in mass
through sedimentation nor an increase through substrate erosion
and sediment reentrainment. The flow density remains constant, so
the models cannot predict where the density current will lastly stop,
except in closed depressions. Neither can the model density currents
“ignite” through sediment entrainment (57). The currents just flow
to the lowest points in the bathymetry, and, because no deposit
forms, there is no modification of the bathymetry with time. Second,
the neglect of entrainment of ambient seawater into the currents
could also be problematic, because entrainment would slow and thick-
en the density current, potentially modifying flow pathways. How-
ever, the modeling results suggest a posteriori that the no-entrainment
assumption is reasonable in this particular case. Water entrainment
coefficient is a function (59), E = 0.075/ (1 +718 Ri“)o's, of the
flow Richardson number, Ri = gh (p - pw) / (pwvz). Apart from the
frontal region (lasting <1 hour of passage), the flow bodies (thick-
ness of 100 to 200 m; velocity of 1 to 4 m s~ '; fig. $2) in our models
have Ri in the range of 10 to 100 and are thus subcritical (Ri > 1).
This is due to the very low regional bathymetric gradient west
of Kos (~0.2°) down which the density currents flow. At such high
values of Ri, entrainment rate becomes very low. We, therefore,
infer that, while the dynamics of the highly unsteady and tran-
sient current head is certainly not captured by our model, the no-
entrainment assumption may be reasonable for the current body
far behind the front. Because the currents are eruption fed for
24 hours, it is the current body that accounts for most of the total
transported mass. It is for this reason that we restricted applica-
tion of the model to the behavior of the quasi-steady current body,
with tracer snapshots of the models starting 6 and 12 hours after
passage of the front.
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