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1. Introduction
Ash plumes of numerous plinian, phreatoplinian and ignimbrite-forming eruptions from calderas and stratocones 
of the central and eastern Aegean Volcanic Arc dispersed ash mostly eastward across the Aegean and Mediter-
ranean seas (e.g., Keller et al., 1978). The resulting marine ash and lapilli layers represent the major fraction of 
the erupted tephra volumes because the relatively small volcanic islands in the Aegean Sea provide very limited 
onshore depositional areas (Figure 1). Such marine tephras have previously been sampled by sediment coring 
across the central and eastern Mediterranean at great distances from the source volcanoes. During RV Poseidon 

Abstract We use the tephrostratigraphic framework along the Aegean Volcanic Arc established in Part 
1 of this contribution to determine hemipelagic sedimentation rates, calculate new tephra ages, and constrain 
the minimum magnitudes of (sub)plinian eruptions of the last 200 kyrs. Hemipelagic sedimentation rates 
range from ∼0.5 cm/kyr up to ∼40 cm/kyr and vary laterally as well as over time. Interpolation between dated 
tephras yields an eruption age of ∼37 ka for the Firiplaka tephra, showing that explosive volcanism on Milos 
is ∼24 kyrs younger than previously thought. The four marine Nisyros tephras (N1 to N4) identified in Part 
1 (including the Upper (N1) and Lower (N4) Pumice) have ages of ∼57 ka, ∼63 ka, ∼69 ka, and ∼76 ka, 
respectively. Eruption ages for the Yali-1 and Yali-2 tephras are ∼55 ka and ∼34 ka, respectively. The Yali-2 
tephra comprises two geochemically and laterally distinct marine facies. The southern facies is identical to the 
Yali-2 fall deposit on land but the western facies has slightly less evolved glass compositions. Overall, erupted 
plinian and co-ignimbrite fall tephra volumes range from <1 to 56 km3 (excluding possible caldera fillings 
and ignimbrite volumes), and 80% of the eruptions had magnitude 5.5 < M ≤ 7.2 (M = log(m)-7; m = erupted 
magma mass in kg). Twenty percent of the tephras represent 3.2 < M < 5.5 eruptions. The long-term average 
tephra magma mass flux through highly explosive eruptions of Santorini is estimated at ∼40 kg/s. The 
analogous data for the Kos-Yali-Nisyros volcanic complex is less-well constrained but similar to Santorini.

Plain Language Summary Sediment cores from the seafloor of the eastern Aegean Sea contain 
numerous ash layers from (sub)plinian eruptions from the Aegean Volcanic Arc that were correlated in Part 1. 
These correlations facilitate determination of sedimentation rates of ∼0.5–∼40 cm/kyr within the hemipelagic 
sediment bracketing the dated tephras. Sedimentation rates show temporal and lateral variations in the context 
of climate changes, and regional tectonics. Exceptionally high hemipelagic sedimentation rates within the last 
4 kyrs, are linked to the 3.6 ka Minoan and the 1650 AD Kolumbo eruptions that emplaced abundant erodible 
tephra. Using the sedimentation rates we additionally determine the ages of hitherto undated tephras. We 
deduce an age of ∼37 ka for a Milos eruption, as well as ∼57 ka to ∼76 ka for marine Nisyros and ∼34 and ∼55 
ka for Yali tephras, for which previous dating attempts yielded controversial ages. The ash distribution in the 
marine realm of up to 105 km2 represents a major fraction of the erupted tephra volumes that range from <1 to 
56 km3, placing 60% of the investigated eruptions into magnitude category M6, 20% into M7, and 20% into M3 
to M5 classes. Over the past ∼200,000 years, Santorini discharged magmas at an average rate of ∼40 kg/s.
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cruise POS 513 in 2017 (Freundt, 2017), we added to those distal data by collecting 47 sediment gravity cores 
along the volcanic arc at proximal to medial distances from their sources.

In Kutterolf, Freundt, Hansteen, et al. (2021), subsequently abbreviated as Part 1, we geochemically and strati-
graphically correlated the marine ash layers between these cores and with tephras on land. We thereby identified 
19 Pleistocene to Recent tephras from Milos, Santorini, Kolumbo, Kos, Yali and Nisyros volcanoes (Figure 1) 
that we could trace on the seafloor up to 300 km from their sources. In this second paper, we use the correlations 
to well-dated onshore tephras to determine regionally variable sedimentation rates of hemipelagic sediments in-
tercalated with the marine ash layers. We then use these sedimentation rates to better establish the ages of tephras 
that have previously not, or only poorly, been constrained. Moreover, we combine published tephra isopach maps, 
based largely on outcrops on land, with the thickness data for marine tephra layers that can be traced across 

Figure 1. Topographic and bathymetric overview maps of the Aegean and northeastern Mediterranean region. Green dots on both maps mark the position of cores 
from RV Poseidon cruise POS 513. White dots of the overview map show previously investigated coring sites in the eastern Mediterranean region. On the close-up map 
of the eastern Aegean region, the red dashed line is the border between Greece and Turkey. Bathymetric contour interval is 1,000 m. Maps created using GeoMapApp 
(http://www.geomapapp.org; GMRT-Global Multi-Resolution Topography) (Ryan et al., 2009).
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several cores, to determine erupted tephra volumes and, hence, magnitudes of the large eruptions during the past 
200 kyrs. Using the eruption ages and erupted tephra masses, we provide first estimates of long-term magma 
fluxes at the Aegean volcanic centers.

2. Geological Setting
2.1. The Aegean Volcanic Arc

The Aegean Sea conceals the subduction zone where the eastern Mediterranean lithosphere (front part of the 
African plate) subducts northeastward under the continental Aegean microplate with a velocity of ∼4 cm/yr. 
This setting makes the southern Aegean Sea one of the most tectonically active regions of western Eurasia (e.g., 
McKenzie, 1972; Papazachos et al., 2005; Shaw & Jackson, 2010). The Aegean microplate consists of thinned 
and strongly deformed continental crust, and is part of the Hellenic (Alpine) orogen that formed by a series of 
collisions with various lithospheric domains since the Jurassic (Zhu et al., 2006).

In the southern Aegean Sea (Cyclades), the upper crust is dominated by metamorphic units which formed during 
the Paleocene to Eocene by the obduction of the Apulian microplate (Bonneau & Kienast, 1982). Beginning at 
least in the Miocene, slab retreat and rapid southward migration of the Hellenic trench caused widespread exten-
sion in the southern and central Aegean region (Zhu et al., 2006). This extension resulted in significant crustal 
thinning, as manifested by the shallow Moho depth (∼25 km beneath Santorini; Makris et al., 2013), deep basins 
(e.g., the Cretan basin) and seismically active faults and grabens on the Aegean seafloor. Volcanic centers of the 
active Aegean Volcanic Arc are located in extensional neotectonic basins that cross-cut Plio-Quaternary sedimen-
tary sequences (Pe-Piper & Piper, 2005). The Aegean Volcanic Arc stretches from the Gulf of Saronikos in the 
northwest to an area close to the Turkish coast in the east and includes the active volcanic centers at Methana, Mi-
los, Santorini, and Nisyros (Figure 1). The distribution of volcanic centers and of eruptive vents follows strike-slip 
fault zones that are thought to facilitate the ascent of magmas (Nomikou, Papanikolaou, et al., 2013; Pe-Piper & 
Piper, 2005). The principal orientations are NE–SW at Santorini and Nisyros and NW–SE at Methana and Milos 
(Nomikou, Papanikolaou, et al., 2013). Large, composite volcanoes and volcano groups, including calderas (Mi-
los, Christiana-Santorini-Kolumbo and Kos-Yali-Nisyros; Figure 1) characterize the central and eastern sectors of 
the arc (Francalanci et al., 2005) that we investigate here. These volcanoes produced large-magnitude eruptions 
of highly evolved, silicic magmas from the late Pleistocene through Holocene times (e.g., Allen & Cas, 1998; 
Cantner et al., 2014; Druitt et al., 1999; Fytikas et al., 1986; Hardiman, 1999; Stewart & McPhie, 2006; Wulf 
et al., 2020), depositing ash on the sea floor along the Aegean Volcanic Arc.

2.2. Onshore and Offshore Tephrostratigraphy of the Aegean Volcanic Islands

A number of publications have investigated the tephrostratigraphy of the Aegean volcanic islands (e.g., Allen & 
Cas, 1998, 2001; Allen & McPhie, 2000; Cantner et al., 2014; Druitt, 2014; Druitt et al., 1989, 1999; Druitt & 
Francaviglia, 1992; Fuller et al., 2018; Fytikas et al., 1986; Hardiman, 1999; Limburg & Varekamp, 1991; Stew-
art & McPhie, 2006; Wulf et al., 2020). The stratigraphy and ages of the Santorini tephra sequences are very well 
understood (e.g., Druitt et al., 1999; Wulf et al., 2020). In contrast, at the easternmost Kos-Yali-Nisyros (KYN) 
volcanic complex, the stratigraphy and ages of the two post-Kos-caldera volcanoes Yali and Nisyros are still the 
subject of discussion (Dietrich & Lagios, 2018; Tomlinson et al., 2012; Volentik et al., 2002). To date, Milos has 
not been known to have generated plinian eruptions but in Part 1 we demonstrated the existence of at least one 
widespread plinian tephra from Milos.

The Mediterranean seafloor sediments contain numerous tephra layers from Italian, Aegean and Anatolian vol-
canic sources which fortunately can be identified and distinguished by geochemical compositions. Numerous 
sediment drill cores (see Figure 1 in Part 1) have been used to establish the regional marine tephrostratigraphy of 
widespread tephra layers named according to the foraminifera zone in which they occur (e.g., Aksu et al., 2008; 
Albert et al., 2015; Bronk Ramsey, Albert, et al., 2015; Federman & Carey, 1980; Hardiman, 1999; Karkanas 
et al., 2015; Keller et al., 1978; Margari et al., 2007; Narcisi & Vezzoli, 1999; Paterne et al., 1990; Tomlinson 
et  al.,  2012, 2015; Vinci, 1985; Wulf et  al.,  2002, 2020). Well known examples from the Aegean region are 
tephra layer Z2 (Minoan Tephra), Y2 (Cape Riva Tephra), from Santorini and W3 (Kos Plateau Tuff) from Kos. 
Geochemical correlations between marine and onshore tephras have been greatly improved by the creation of 
compositional data bases (e.g., Bronk Ramsey, Albert, et al., 2015; Bronk Ramsey, Housley, et al., 2015; Satow 
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et al., 2015; Tomlinson et al., 2012, 2015; Wulf et al., 2004, 2008, 2012, 2020) to which we have added further 
major and trace element glass compositions of Aegean tephras from Part 1. The combination of our new data 
from the proximal and medial record with the distal marine tephrostratigraphy around the Aegean volcanic is-
lands can be used to determine more accurate erupted volume estimates.

3. Methods
3.1. Marine Ash Layer Correlations

During RV Poseidon cruise POS 513 we collected 47 sediment gravity cores and 3 box cores in the Aegean Sea 
between Milos in the west and Nisyros in the east at water depths of ∼100 to ∼1,200 m (Figure 1). The cores 
contain 220 ash layers including primary ash layers and slightly reworked ash that retained its compositional 
integrity and stratigraphic position, identified by the criteria reviewed in Freundt et al. (2021). Glass geochemical 
compositions and relative stratigraphic positions were the major criteria by which we correlated these ash beds 
between cores and with tephras on land as discussed in Part 1.

3.2. Hemipelagic Sedimentation Rates and Tephra Ages

Ash layers correlated to dated onshore deposits provide time marks in the cores and the ages have the uncertainty 
of radiometric dating. We used these time marks, without including the one or two sigma errors from radiometric 
dating, to calculate average apparent sedimentation rates of the intercalated hemipelagic sediment (Figure 2). We 
subtracted the thickness of intercalated undated ash beds; these beds are typically thin (<10 cm) and cumulatively 
account for less than 5% of the core length. The thick tephra layers described in Part 1 all belong to dated tephras 
and have been excluded from the sedimentation rate calculations. We did not correct for the possible presence of 
dispersed ash in the hemipelagic sediment intervals because all sediment in the investigated region has a large 
terrigenous component including volcaniclastic material. By applying linear interpolation, we assumed that the 
hemipelagic sedimentation rates between two time marks remained constant over time. In many cases, the ho-
mogenous nature of the sediment justifies this assumption but there are also intervals which change from dark 
organic-rich to pale oxidized sediment, probably as a result of climatic changes that would have also modified 
hemipelagic sedimentation rates (e.g., Filippidi et al., 2016; Isler et al., 2016).

Errors in the sedimentation rates arise from the initial radiometric dating errors for the dated tephras (0.1–3 ka) as 
well as from uncertainty of defining the exact top of an ash layer that gradually changes from ash-rich to “normal” 
hemipelagic sediment. The largest radiometric dating errors translate into maximum errors of 0.5% to 5% for 
high and low sedimentation rates, respectively. The correlation of sapropels in our cores with well-dated sapropel 
horizons in the nearby ODP site 967 (Grant et al., 2017) provides independent age markers which support the 
sedimentation rates derived from tephra age anchor points. We preferred tephra time marks in our calculations 
because it is unclear if sapropels at the Aegean arc are perfectly synchronous with those at ODP site 967 (c.f. 
Rohling et al., 2015).

Using the calculated sedimentation rates, the ages of yet undated intercalated tephra layers can be estimated (Fig-
ure 2). These data lead to an age versus depth profile for each drilled core (Figure 3, Table 1; cf. Kutterolf, Fre-
undt, Peréz, et al., 2008; Kutterolf, Freundt, Schacht, et al., 2008, 2016). An error in age up to 6% relative (Table 
S1 in Data Set S1) for the newly determined ages was estimated by performing this dating approach on tephras 
in several cores independently (cf., Kutterolf et  al.,  2013). This error includes uncertainties in the value and 
steadiness of sedimentation rates mentioned above. Errors arise from measurement uncertainties, non-steady sed-
imentation rates, and differential compaction in the uppermost part of the sediment. The new tephra ages provide 
additional support for stratigraphic correlations, particularly where geochemical correlations alone are uncertain.

3.3. Tephra Distribution, Volumes and Masses

In order to construct tephra isopach maps, we combined thickness data from our POS 513 cores with published 
thickness data from more distal Mediterranean cores and from studies of proximal tephra deposits on land. Since 
the offshore thickness data are sparse, the shape of the distal isopachs can only be roughly estimated, introducing 
some error into the volume calculations. The case study by Klawonn et al. (2014) showed that errors in volume 
calculations imparted by individuals' choices of contours applied to the same data set by 101 researchers with 
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Figure 2.
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different education levels are around 8%, and thus relatively small, for well sampled intermediate-distance depos-
its, but increase with decreasing data density and with both distal and more proximal data sets. Thus, total tephra 
volumes have been obtained by different methods depending on available data quality and quantity.

Where sufficient data were available, we created ln (isopach thickness) versus square-root (isopach area) dia-
grams. We then applied the method of Pyle (1989) and Fierstein and Nathenson (1992) by fitting one or more 
straight lines to the data and subsequently integrating the functions to infinity. For some tephras, single straight 
lines provided a reasonably good fit to the data but other tephras required two or three separate straight-line 
segments to fit proximal through medial to distal data altogether. For comparison, we also applied the Weibull 
distribution function following Bonadonna and Costa (2012, 2013). This method commonly provides better fit 
to observed data and is particularly useful where the fitting of straight-line segments to the thickness versus area 
plots is ambiguous.

Methods for estimating volume have been developed for cases where tephra thickness data are too sparse to define 
a set of isopach lines. Green et al. (2016) applied a Bayesian statistical approach to sparse proximal and distal 
data, and Sulpizio (2005) tested three empirical methods to calculate distal tephra-fall volumes. Here we applied 
the method of Legros (2000) which yields a minimum tephra volume by assuming that the thickness at the far-
thest site lies on the dispersal axis and a tear-drop-shaped isopach with a pre-set aperture angle is fitted to it. We 
chose a 60° aperture angle for the eligible Aegean tephras because this aperture fits well-constrained isopachs of 
comparable deposits. Based on the assumption of an exponential thickness decrease, a minimum tephra volume 
can be determined by multiplying thickness by area.

We divided the total tephra volume into proximal and medial-distal partial volumes according to the patterns in ln 
(isopach thickness) versus square-root (isopach area) diagrams. We then accounted for the different interparticle 
pore spaces and lithic contents by reducing the proximal tephra volume by 50% ± 20% (onshore tephras) and the 
distal tephra volume by 30% ± 10% (marine tephras) (cf. Kutterolf, Freundt, & Peréz, 2008). The proximal reduc-
tion represents an average of crystal content (10–20 vol%) and lithic clast content (10–40 vol%), the variability of 
which between different phases of an eruption explains the error of ±20%. The juvenile particles building the re-
maining volumes have different densities proximally and distally. We measured the volumes of weighted pumice 
lapilli from proximal tephras by the sand-displacement method as described in Kutterolf et al. (2007), using four 
replicate measurements of batches of three lapilli for each tephra. Average onshore densities are 530 ± 100 kg/
m3, 680 ± 170 kg/m3, and 1,030 ± 150 kg/m3 for rhyolitic, dacitic and andesitic tephras, respectively. For the 
medial-distal volume, we determined the mean particle volumes of 31 weighted marine ash samples by dispers-
ing the ash in water in a pycnometer. Uncertainty of ±10% in the volume determination reflects the averaged 
minor contribution of crystals and lithic clasts to the entire marine layer which is mostly <1 vol% in the bulk of 
the layers but can reach up to 20 vol% in a typically thin layer at the base. Subtracting visually estimated minor 
fractions of crystals and lithic fragments, we find the juvenile particle bulk densities to be 1,670 ± 250 kg/m3 and 
1,890 ± 210 kg/m3 for felsic and mafic ash layers, respectively. Multiplying both, the proximal and distal volumes 
by the respective juvenile bulk densities yields the respective magma masses which add up to the total erupted 
magma mass for each eruption which, divided by the juvenile solid density, yields the dense rock equivalent 
(DRE) volume (Table S1 in Data Set S1).

We emphasize that we have determined only the volume of fall tephras, both plinian and co-ignimbrite, and there-
fore erupted tephra volumes are minima particularly for those eruptions that also produced significant pyroclastic 
density current deposits. We have not included volumes of pyroclastic density current deposits on land or on the 
sea floor unless they have been estimated independently (e.g., for the Kos Plateau Tuff), because their quantifica-
tion would require additional work beyond the scope of our present study.

Figure 2. Schematic profiles of selected POS 513 cores indicating the positions of correlated tephra layers in each core (black = mafic ash, light gray = felsic ash, 
green = hemipelagic sediment, brown = sapropel). Uncorrelated and reworked tephra layers have been excluded for simplicity. Red arrows and associated numbers mark 
hemipelagic sediment intervals and their respective sedimentation rate calculated from the age difference between two dated ash layers and sediment interval thickness. 
Blue arrows and numbers indicate the time interval from a dated to an undated tephra layer, calculated as sediment thickness divided by sedimentation rate. Green italic 
numbers are the new tephra ages thus obtained. Previously dated tephras are marked by their age (italic numbers) and an acronym: KT = Kolumbo, KM = Kameni, 
MT = Minoan, CR = Cape Riva, CT = Cape Tripiti, US1 = Upper Scoriae 1, US2 = Upper Scoriae 2, CTh = Cape Thera, MP = Middle Pumice, LP1 = Lower Pumice 
1, CT3 = Cape Therma 3, YA1 = Yali 1, YA2a,b = Yali 2, N1-N4 = Nisyros 1 to 4, KPT = Kos Plateau Tuff, FT = Firiplaka, CI = Campanian Ignimbrite.
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Figure 3.
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4. Sedimentation Rates
Figure 2 illustrates selected examples of hemipelagic sedimentation rates determined using the constraints from 
well-correlated and dated tephras bracketing hemipelagic sediment intervals. This approach yields variations 
in hemipelagic sedimentation rates with depth in cores that are long enough and contain sufficient suitable 
ash beds (Figure 3). Across all investigated cores, the observed range of sedimentation rates is 0.5–40 cm/kyr. 
However, rates >25 cm/kyr are exclusively found for the topmost sediment interval and are probably an artifact 
of a less compacted and soupy, water-rich material in the uppermost part of the core. Many cores contain dark 
sapropel layers (Figure 12, Part 1), which are commonly found across the Mediterranean and represent periods of 
deep-water anoxia (Rohling et al., 2015). The positions of sapropels are shown in Figure 3 (see also Table S2 in 
Data Set S1) using the sapropel ages S1 (6.1–10.5 ka), S3 (80.8–85.8 ka), S5 (121.5–128.5 ka), and S7 (197.53 
ka) from Grant et al.  (2017), where the age ranges give top and bottom ages, respectively. In most cases the 
sedimentation rate across a sapropel layer does not differ significantly from the hemipelagic sedimentation rate 
obtained from tephra ages around that interval; a notable exception is S3 in cores POS513-37 and -46 in which 
sedimentation rates are about three times those of surrounding hemipelagic sediment (Figure 3).

5. Ash-Layer Dating
The age range represented in our cores extends back to >200.2 ka, the time mark is set by the distal ash of the 
Cape Therma 3 eruption (Santorini; Wulf et al., 2020). Other time marks are given by the ash layers correlat-
ed with dated tephras on land. The age of yet undated ash layers can be estimated from their relative position 
between known time marks using linear interpolation as illustrated in Figures 2 and 3 (see also Table S1 in 
Data Set S1) and given with a 1-sigma uncertainty.

5.1. Milos

The ages of seven tephra layers, some of which can be correlated between cores over considerable distances (see 
Part 1), were previously not known or only very poorly constrained. One of these layers is the newly recognized 
Firiplaka Tephra (CA7) from Milos. The marine tephra has been correlated by chemical fingerprinting with three 
different onshore samples close to the Firiplaka volcano. In all cores, the marine tephra lies above ash layers from 
the 39.85 ka Campanian ignimbrite eruption (Giaccio et al., 2017), and below ash layers correlated with the 27.5 
ka Cape Tripiti (Satow et al., 2015) or the 22 ka Cape Riva eruptions (Bronk Ramsey, Albert, et al., 2015). Recent 
Ar/Ar age dating of biotites from Milos suggested an age of 317 ± 4 ka for the Trachilas complex, an older pyro-
clastic sequence from Milos (Fytikas et al., 1986), and ages of 62 ± 3 ka, 70 ± 10 ka and 110 ± 20 ka for biotites 
from the upper and lower Firiplaka tephra sequence in the south of Milos (Zhou et al., 2021).

We dated ash layers of the Firiplaka Tephra (CA7) in 10 cores using sedimentation rates; the calculated ages 
range from 31.1 ka to 38.8 ka with an average age of 37.0 ± 1.3 ka (Figure 2, Table S1 in Data Set S1). This age 
is much younger than the Ar/Ar ages determined by Zhou et al. (2021), and is unambiguously constrained by the 
underlying 39.85 ka marine tephra of the Campanian Ignimbrite eruption. The discrepancy with the biotite-dating 
results may be related to excess argon problems in biotite but may also mean that the onshore tephra dated by 
Zhou et al. (2021) is from an older eruption of the Firiplaka volcano that did not, however, leave a trace in the 
investigated cores.

Figure 3. Sediment thickness versus age for selected POS 513 cores. Filled squares mark tephra layers of known age due to correlation with dated onshore tephras. 
Filled circles are tephra layers correlated with undated onshore tephras (cf. Figures 6 to 8 in Part 1). Open circles represent felsic and mafic ash beds the previously 
unknown age of which can here be constrained by their relative position between dated tephras. Sapropel (S) layers are marked by open triangles at the top (t) and base 
(b), using the respective age data from Grant et al. (2017). Right part of each age profile shows the variation of sedimentation rate with depth below sea floor, tephra 
thicknesses excluded. Black line segments represent sapropels. KT = Kolumbo, KM = Kameni, MT = Minoan, CR = Cape Riva, CT = Cape Tripiti, US1 = Upper 
Scoriae 1, US2 = Upper Scoriae 2, CTh = Cape Thera, MP = Middle Pumice, LP1 = Lower Pumice 1, CT3 = Cape Therma 3, YA1 = Yali 1, YA2a,b = Yali 2, N1-N4 
= Nisyros 1 to 4, KPT = Kos Plateau Tuff, FT = Firiplaka, CI = Campanian Ignimbrite.
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Eruption Acronym
Volcanic 
complex Age [ka]

Correlation 
#

Area [km2] within 
(cm) isopach

1 
segment 
volume* 

[km3]

Multiple 
segments 
volume* 

[km3]

Weibull 
volume# 

[km3]
Magma 

mass [kg]

Magma 
volume 
(DRE) 
[km3]

Eruption 
magnitude

Kolumbo KT Kolumbo 
volcano

1650 AD h CA1 1.8 E+04 (2) 2.0 6.8 4.4 5.7 E+12 2.5 b 5.8

Kameni KM Kameni 
island

100 AD to 
950 AD K

CA2 1.1 E+03 (2) 0.2 0.06 L 0.5 2.3 E+11 0.4 a 4.4

Minoan MT Santorioni 3.6 h CA3 5.0 E+05 (2) O 44.8 O 46.7 O 53.1 O 7.8 E+13 O 32.4 cO 6.9 O

Cape Riva east CR Santorioni 22.0 ± 0.3 x CA4 1.9 E+05 (2) 16.8 16.0 23.9 3.8 E+13 16.0 c 6.6

Cape Riva north CR Santorioni 22.0 ± 0.3 x CA4 1.8 E+05 (5) 34.4 n.a. 32.5 5.5 E+13 22.8 a 6.7

Cape Riva total CR Santorioni 22.0 ± 0.3 x CA4 n.a. 51.1 n.a. 56.4 9.3 E+13 38.8 b 7.0

Cape Tripiti CT Santorioni 27.5 ± 0.7 s CA5 1.4 E+04 (1) 1.2 1.6 3.1 5.3 E+12 2.2 b 5.7

Yali 2a Y2 Yali 34.1 ± 0.4 K CA6a 5.5 E+04 (2) 3.7 4.3 14.3 2.6 E+13 11.0 c 6.4

Yali 2b Y2 Yali 34.6 ± 1.3 K CA6b 8.0 E+02 (20) 0.6 n.a. 0.6 3.0 E+11 0.1 a 4.5

Yali 2 total Y2 Yali 34.0 ± 0.9 K CA6 n.a. 4.3 n.a. 14.7 2.7 E+13 11.1 b 6.4

Firiplaka FT Milos 37.0 ± 1.3 K CA7 3.3 E+04 (1.5) 2.3 2.2 5.9 9.5 E+12 4.1 c 6.0

Yali 1 Y1 Yali 54.9 ± 2.2 K CA9 6.6 E+02 (3) 3.4 n.a. 3.4 4.6 E+12 2.0 c 5.7

Upper Scoria 2 US2 Santorioni 54 ± 3 f CA10 1.1 E+04 (3) 1.2 1.4 5.8 9.3 E+12 3.6 b 6.0

Nisyros 1 
(Upper 
Pumice)

N1 Nisyros 57.0 ± 2.9 K CA11 4.8 E+04 (3) 5.6 6.9 16.6 2.9 E+13 12.8 c 6.5

Nisyros 2 N2 Nisyros 63.1 ± 2.5 K CA12 1.7 E+02 (4) 0.007 n.a. 0.012 L 1.7 E+10 0.008 a 3.2

Nisyros 3 N3 Nisyros 68.9 ± 2.7 K CA13 1.6 E+02 (5) 0.008 n.a. 0.014 L 2.0 E+10 0.01 a 3.3

Nisyros 4 
(Lower 
Pumice)

N4 Nisyros 75.8 ± 3.0 K CA14 2.9 E+03 (4) 0.7 0.8 2.3 3.3 E+12 1.4 c 5.5

Upper Scoria 1 US1 Santorini 80.8 ± 2.9 w CA15 3.1 E+05 (0.5) 17.9 13.6 13.0 2.5 E+13 9.8 c 6.4

Middle Pumice MP Santorini 141.0 ± 2.6 w CA16 3.4 E+04 (3) 4.3 4.0 9.2 1.4 E+13 5.8 c 6.1

Cape Thera CTh Santorini 156.9 ± 2.3 w CA17 3.5 E+04 (0.5) 1.5 1.7 4.1 5.9 E+12 2.2 b 5.8

Kos Plateau 
Tuff

KPT Kos 161.3 ± 2.2 t CA18 5.3 E+05 (1) 24 16.9 33.1 4.6 E+13 20.2 b 6.6

Kos Plateau 
Tuff total 
with IG

KPT Kos 161.3 ± 2.2 t CA18 5.3 E+05 (1) 124.1 1.7 E+14 71.1 c 7.2

Lower Pumice 2 LP2 Santorini 176.7 ± 0.6 g 2.7 E+05 (0.5) 30.3 11.2 18.7 3.0 E+13 11.6 c 6.5

Lower Pumice 1 LP1 Santorini 185.7 ± 0.7 w CA19 2.6 E+05 (1) 30.4 17.1 33.6 5.3 E+13 20.4 c 6.7

Cape Therma 3 CT3 Santorini 200.2 ± 0.9 w CA20 2.9 E+04 (2) 4.8 4.5 5.5 7.9 E+12 3.3 b 5.9

Note. volume determination after *Pyle (1989) and Fierstein and Nathenson (1992), #Bonadonna and Costa (2012) & (2013), LLegros (2000); Opreliminary data from 
Karstens et al. in preparation; DRE volumes calculated with 2,300 kg/m3 for rhyolitic magma, 2,400 kg/m3 for dacitic magma, 2,600 kg/m3 for andesitic magma. 
Radiometric and sedimentation rate ages from Friedrich et al. (2006) (h) Fabbro et al. (2013) (f), Bronk Ramsey, Albert, et al. (2015) (x), Gertisser et al. (2009) (g), Wulf 
et al. (2020) (w), Satow et al. (2015) (s), Smith et al. (1996) (t), h: historic ages. K: ages derived from sedimentation rates in this study. a: volumes based on distal ash 
only, b: volumes based on distal ash plus a minimum estimate of proximal volume, c: volumes based on distal ash and well-constrained proximal estimates. Non-bold 
values in the rows mark sub-phases of main eruptions, underlined values refer to ongoing work of the Minoan eruption, italic values represent ages and their errors for 
each eruption.

Table 1 
Summary of Ages, Distribution, Eruption Volumes, and Eruption Masses for Agean Arc Eruptions Based on Marine Tephra Correlations
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5.2. Yali and Nisyros

The marine ash of the Yali-2 fall tephra (CA6a in Part 1) has been previously dated to 31 ka by oxygen-isotope 
stratigraphy (Federman & Carey, 1980). We found CA6a in three cores (POS 513-45, -52, -53) south of Yali 
(Figure 4c) from which we obtained an average age of 34.0 ± 0.5 ka by the interpolation method (Figure 2). The 
CA6a ash has the same glass composition as the Yali-2 tephra on land (Figures 4a and 4b; Figure 8 in Part 1).

In cores POS 513-35, -43, -44, and -50 west to southwest of Yali (Figure 4c), we found a tephra layer of slightly 
different glass composition (CA6b, Figures 4a and 4b) for which we obtained an average age of 34.0 ± 1.3 ka 
(Figure 2), which is identical to the CA6a age within error limits. The glass composition appears to represent a 
slightly less evolved version of the Yali-2/CA6a glass and is distinct in major and trace element composition from 
the Nisyros tephras (Figures 4a and 4b). We therefore interpret tephra layer CA6b as a compositionally distinct 
facies of the Yali-2 tephra that has not yet been recognized on land. Thus, we define a southern marine facies Ya-
li-2a (Figure 4c) with glass composition the same as observed on land, and a western marine facies Yali-2b with 

Figure 4. (a) Total FeOt versus MgO [wt%] (normalized to 100 wt% volatile-free composition) and (b) Zr/Nb versus Rb/Sr glass-compositional variations of onshore 
(colored fields) and marine (symbols) tephras from Nisyros and Yali. Onshore and marine geochemical data shown here are given in the supplement Tables S2a, S2b, 
S3a, and S3b of Part 1. Symbols are average values of all analyzed ash samples from a tephra, gray bars span the compositional range. Orange-dashed envelopes mark 
marine tephra facies Yali-2a which has the same glass composition as the Yali-2 fall tephra on land. Green-dashed envelopes include marine facies Yali-2b of less 
evolved glass composition. Dashed arrows emphasize different magmatic differentiation paths for Nisyros and Yali. However, in contrast to Nisyros, the most evolved 
Yali-1 composition had erupted long before the less-evolved Yali-2 magma. (c) Bathymetric map showing the positions of cores containing Nisyros and Yali tephras. 
Star symbol marks core POS 513-52 which contains all four Nisyros tephras N1 to N4. POS 513-52 and cores shown by orange dots contain Yali-2a facies which forms 
a southern fan (orange area). Green dots are cores containing Yali-2b facies which forms a western fan (green area). White dots are cores containing Nisyros tephras in 
addition to POS 513-52 and POS 513-53. Red dotted line shows the border with Turkey. Bathymetric contour interval is 600 m. Map created using GeoMapApp (http://
www.geomapapp.org; GMRT-Global Multi-Resolution Topography) (Ryan et al., 2009).
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slightly less evolved glass composition. Combining the age determinations of both facies gives an average age for 
the Yali-2 eruption of 34.0 ± 0.9 ka (Figure 4, Table S1 in Data Set S1) which is close to the recent radiometric 
dating result (35 ± 2.8 ka) of Popa et al. (2020) that is based on U/Th disequilibrium ages of zircon.

Until recently the age of the Yali-1 pumice breccia (Allen & McPhie, 2000) could not be constrained because 
the base of the proximal deposit on land and underlying strata are not exposed, and so far radiometric ages had 
not been obtained. However, Popa et al. (2020) obtained zircon ages of 37.8 ± 9.5 to 41.3 ± 6.8 ka for Yali-1. 
The Yali-1 pyroclastic sequence comprises deposits from at least two major explosive and one minor explosive, 
as well as effusive events that are overlain by limestone which in turn is overlain by subaerial Yali-2 fall tephra 
and subaerial colluvial pumiceous sediments (Allen & McPhie, 2000). We found ash that can be correlated with 
the Yali-1 tephra using geochemical finger printing in three cores, one of which (POS 513-52) is constrained in 
age by sedimentation rate interpolation. This approach yields an Yali-1 eruption age of ∼54.9 ± 2.2 ka which is 
considerably older than the Popa et al. (2020) zircon eruption age. The reason for this discrepancy requires further 
investigation. We note that in core POS513-52 the compositionally correlated N1 tephra, which was dated on land 
by Popa et al. (2020) between ∼55 and ∼60 ka, is located only 5 cm below the Yali-1 tephra. If the ∼40 ka age 
from Popa et al. (2020) is correct, this sediment interval would have been emplaced at a very low sedimentation 
rate (0.25–0.33 cm/kyr) whereas our Yali-1 age would give a rate (0.9–10 cm/kyr), which is more compatible 
with the regional sedimentation-rate values (Figure 3).

Setting the Yali eruption ages in correct relation to the Nisyros eruption ages is important for understanding the 
magma evolution in the Kos-Yali-Nisyros magmatic system (Bachmann et al., 2010, 2012). Pyle and Marga-
ri (2009) argued that Yali-1 would be older than the caldera-forming eruption(s) of the Upper Pumice and Lower 
Pumice from Nisyros. However, the evolution of the Nisyros volcanic center is obscured by contradictions in pub-
lished ages (Dietrich & Lagios, 2018; Tomlinson et al., 2012; Volentik et al., 2002). Specifically, published ages 
for the Lower Pumice from Nisyros (>70 ka to ∼29 ka) are incompatible with those for the Upper Pumice (>50 
ka to 35 ka) (Karkanas et al., 2015; Limburg & Varekamp, 1991; Margari et al., 2007; Rehren, 1988; Tomlinson 
et al., 2012). Popa et al. (2020) recently published zircon crystallization ages of 54.9 ± 10.5 ka to 60.4 ± 3.9 ka 
for the Upper Pumice and 59.9 ± 17.1 ka to 74.3 ± 5.5 ka for the Lower Pumice; these ages overlap within the 
given error limits. As a result, the age of a major sector collapse event on Nisyros has not yet been well con-
strained (Anagnostopoulos & Anastasakis, 2021; Livanos et al., 2013; Tibaldi et al., 2008) and event frequencies 
used in volcanic hazard assessment remain uncertain (e.g., Kinvig et al., 2010; Nomikou et al., 2021; Seymour 
& Vlassopoulos, 1989).

The tephra correlations among the gravity cores (POS 513-39, 41, 45, 46, 48, 49, 51, 52 and 53; Figure 4c, Table 
S1 in Data Set S1) in the vicinity of Nisyros led to the definition of four tephra layers derived from Nisyros in 
Part 1 (Nisyros 1 to 4, top to bottom). Based on glass compositions, Nisyros 4 corresponds to the Lower Pumice 
(LPN) and Nisyros 1 corresponds to the Upper Pumice (UPN) whereas Nisyros 2 and 3 represent significant 
explosive eruptions in-between that have not yet been recognized on land. Application of the sedimentation-rate 
interpolation method to these cores yields an average age of 57.0 ± 2.9 ka for Nisyros 1 (Figure 2, Table S1 
in Data Set S1), which lies within the zircon crystallization age range of the Upper Nisyros Pumice of Popa 
et al. (2020). Age determination for Nisyros 4 is only possible in one core (POS 513-39) where its calculated 
age of ∼75.8 ± 3 ka is well constrained by bracketing ash deposits of the 81 ka Upper Scoriae 1 and the 54 ka 
Upper Scoriae 2 tephras from Santorini (Figure 2, Table S1 in Data Set S1; ages from Fabbro et al., 2013; Wulf 
et al., 2020). Although less well constrained than the Nisyros 1 age, this Nisyros 4 age lies at the high end of the 
zircon crystallization age range determined by Popa et al. (2020). Applying our Nisyros 1 and 4 ages to core POS 
513-52, the master core for the Nisyros (and Yali) marine succession because it contains all tephras in question 
(Figure 4c), we have determined ages of ∼63.1 ± 2 ka and ∼68.9 ± 3 ka for Nisyros 2 and 3, respectively.

5.3. Other Rhyolitic Tephras

Cores POS 513-7 and 8 south and southwest of Milos (Figure 1) contain up to four rhyolitic marine tephras of 
yet unknown origin because there are no onshore tephras with the same glass compositions in the reference data-
base but chemical fingerprinting shows compositional affinity with Milos (see Part 1). Core POS 513-8 is much 
longer (744 cm) than core POS 513-7 (204 cm; Figure 12 in Part 1) and records a nearly constant hemipelagic 
sedimentation rate in the lower 4 m (Figure 3). It is thus well suited to estimate ages of the four tephra layers; their 
ages range from ∼61 ka to ∼82 ka. Major and trace element glass compositions suggest that the youngest of these 
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layers in core POS 513-8 (507–511 cm bsf, 60.5 ka) correlates with the oldest 
tephra at the base of core POS 513-7 (200–204 cm bsf, 50.5 ka), which thus 
gives an upper age limit for this core. The much shallower depth for this age 
in core POS 513-7, the observation that the tephra sequence from Kolumbo 
1650 AD to Firiplaka 36 ka is concentrated in <40 cm core length, and the 
occurrence of unconformities in the upper part of the core indicate that the 
low apparent sedimentation rate at position POS 513-7 on the southern slope 
of Milos island (Figure 1) is probably due to mass wasting and removal of 
sediment.

6. Tephra Volumes and Magma Masses
Figures 5–7 show the isopach maps of tephras that are sufficiently widely 
correlated, based on the locations and thicknesses in respective cores (Table 
S2 in Data Set S1). The ln (thickness) versus square root (isopach area) data 
extracted from these maps and their functional fittings (Figure 8) give the 
tephra volumes summarized in Table 1. These estimates are probably still 
minima because very fine ash from large eruptions transported to distances 
far beyond the mapped area (e.g., Minoan and Cape Riva eruptions; East-
wood et al., 1999; Stanley & Sheng, 1986; Wulf et al., 2002) may have even 
shallower slopes on ln (thickness) versus square root (isopach area) diagrams, 
and hence the actual volumes are larger than those derived from extrapolation 
(e.g., Houghton et al., 2000).

In this section, we discuss every tephra according to the source volcanic 
centers in geographic order from west to east, using the correlations with ma-
rine ash layers CA1 to CA20 established in Part 1. We present here the most 
plausible tephra volumes resulting in most cases using the Weibull model 
(Bonadonna and Costa, 2012, 2013), or where data are sparse, the Legros 
model (Legros, 2000). We report the estimates generated by all applied meth-
ods in Table 1. Uncertainties in the fitting of straight lines to subsets of the 
tephra thickness versus area data mostly lead to underestimation of tephra 
volumes by 5%–50% compared to the Weibull method.

6.1. Milos

The marine tephra layer CA7, identified above as the 36 ka, rhyolitic Firi-
plaka Tephra, occurs as a 1- to 30-cm-thick ash layer in 15 of our POS 513 
cores as well as in core TR172-26 of Hardiman (1999). However, the succes-
sion of compositionally similar tephras on land includes only small-volume 
local deposits of local extent and no proximal equivalent of a plinian tephra 
of that age has yet been identified on Milos. The deposits of the Firiplaka 
volcano have been divided into three stratigraphic units (Campos Venuti & 
Rossi, 1996; Fytikas et al., 1986; Stewart & McPhie, 2006) with ∼0.2 km3 
total bulk volume. The lowermost unit includes pyroclastic fall deposits up 
to 2 m thick, but overall, the deposits are dominantly very lithic-rich pyro-
clastic density current deposits (Campos Venuti & Rossi, 1996). Based on 
the marine distribution of the Firiplaka Tephra, we estimate a minimum area 
(within the 1.5 cm isopach) of 3.3 × 104 km2 and an erupted tephra volume 

of ∼5.9 km3, equivalent to ∼4.1 km3 DRE magma volume or ∼9.5 × 1012 kg magma mass and a magnitude of  
M ∼ 6.0 (Figures 5c, 8, Table 1 and Table S2 in Data Set S1).

Figure 5. Isopach maps for the Aegean tephras. Italic numbers on isopachs 
indicate thickness in centimeters. (a) Kolumbo Tephra (KT), Cape Tripiti 
Tephra (CT), Cape Therma 3 Tephra (CT3), Nisyros 3 Tephra (N3). (b) 
Cape Thera Tephra (CTh), Upper Scoriae 2 Tephra (US2), Nisyros 2 Tephra 
(N2), Yali 1 Tephra (YA1). (c) Kameni Tephra (KM), Firiplaka Tephra (FT), 
Nisyros 4 Tephra (N4). Thickness values are given in Table S3 in Data Set S1, 
site coordinates are given in Part 1. We distinguish between well (solid lines) 
and poorly constrained (dashed lines) isopachs and note that the distal isopachs 
are constrained by variable numbers of available data (3–15 cores).
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6.2. Santorini

Santorini caldera is the source of several widespread tephras (cf. Druitt et  al.,  1989,  1999,  2016; Gertisser 
et al., 2009; Keller et al., 2014, 1978; Simmons et al., 2017; Vinci, 1985; Wulf et al., 2020). Of these, we have 
correlated the Cape Therma 3, Lower Pumice 1 and 2, Cape Thera, Upper Scoriae 1 and 2, Cape Tripiti, Cape 
Riva, Minoan and Kameni tephras to marine tephras in the Eastern Aegean Sea in Part 1.

The Cape Therma 3 tephra layer, CA20, in marine core POS 513-28 (266–297 cm bsf) was also previously rec-
ognized in Meteor core KL51 (Wulf et al., 2020); distal data are scarce because most gravity cores did not reach 
sufficient depth. The 200.2 ± 0.9 ka old (Wulf et al., 2020) Cape Therma 3 tephra on the western coast of Thira is 
composed of 20-m-thick lag breccias (Druitt et al., 1999). By assuming the onshore thickness of 2 m of the Cape 
Therma 3 fall deposit reported in Druitt et al. (1999), including the two distal marine locations, and using the 
approach of Legros (2000), we estimate the minimum area within the 2 cm isopach to be 2.9 × 104 km2, resulting 
in an erupted tephra volume of ∼5.5 km3, equivalent to 3.3 km3 DRE magma volume or ∼7.9 × 1012 kg magma 
mass and a magnitude of M ∼ 5.9 (Figures 5a, 8, Table 1 and Table S3 in Data Set S1).

Ash layer CA19 (POS 513-28, 210–211 cm bsf) is correlated with the 185.7 ± 0.7 ka old (Wulf et al., 2020) on-
shore Lower Pumice 1, which is a thick composite fall (≤5 m) and flow (≤15 m) deposit on land, mainly exposed 
on southwestern Thira (Druitt et al., 1989, 1999; Simmons et al., 2016). This tephra also occurs in some other 
Mediterranean cores as ash layer V3 (e.g., Keller et al., 1978; Vinci, 1985; Wulf et al., 2020). Accordingly, this 
tephra covers an area of 2.6 × 105 km2 (within the 1 cm isopach), corresponding to a tephra volume of 33.6 km3, 
equivalent to 20.4 km3 DRE magma volume or ∼5.3 × 1013 kg magma mass and a magnitude of M ∼ 6.7 (Fig-
ures 7a, 8, Table 1 and Table S3 in Data Set S1).

Although we did not find Lower Pumice 2 in our cores, it has been recognized in marine sediment cores to the 
south and southwest of Santorini (Keller et al., 1978). Facies and petrological characteristics of Lower Pumice 2 
have been investigated in detail by Druitt et al. (1999), Gertisser et al. (2009), Keller et al. (2014), and Simmons 
et al. (2017). Lower Pumice 2 forms three distinguishable pumice fall units and a thin ash layer at the base (Ger-
tisser et al., 2009; Keller et al., 2014) amounting to a ∼20-m-thick, coarse grained, fall deposit in the western 
cliffs of Thira, overlain by several-meter-thick pyroclastic flow deposits (Druitt et al., 1999; Keller et al., 2014; 
Simmons et al., 2017). It has a thickness >1 m on Anafi, 30 km to the east of Thira (Keller et al., 2014). Using 
these data, we estimate a minimum area of 2.7 × 105 km2 (within the 0.5 cm isopach), corresponding to a mini-
mum tephra volume of 18.7 km3, equivalent to ∼11.6 km3 DRE magma volume, or 3 × 1013 kg magma mass and 
a magnitude of M ∼ 6.5 (Figures 7b, 8, Table 1 and Table S3 in Data Set S1).

Figure 6. Isopach maps for the Aegean tephras (Santorini and Kos-Yali-Nisyros). Italic numbers on isopachs indicate 
thickness in centimeters. (a) Middle Pumice (MP), Nisyros 1 Tephra (N1), Yali 2 Tephra (YA2). Data source and other 
features as on Figure 5.
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Figure 7. Isopach maps for four widespread Santorini tephras Italic numbers on isopachs indicate thickness in centimeters. (a) Cape Riva Tephra (CR) and Lower 
Pumice 1 (LP1). (b) Upper Scoriae 1 Tephra (US1) and Lower Pumice 2 (LP2). Data source and other features as on Figure 5. Several cm thick tephra from Cape Riva 
have also been found in Tenaghi Philippon (Seymour et al., 2004; Wulf et al., 2018), in the southwestern Black Sea (Kwiecien et al., 2008), and in western Turkey 
(Roeser et al., 2012). The data points have been considered for the isopachs and volume estimates but lie outside the map area.



Geochemistry, Geophysics, Geosystems

KUTTEROLF ET AL.

10.1029/2021GC010011

15 of 31

The Cape Thera eruption (156.9 ± 2.3 ka; Wulf et al., 2020) emplaced a basal pumice fall deposit (∼85 cm thick) 
followed by a localized ignimbrite up to 60 m thick at the caldera walls (Druitt et al., 1999). We estimate a min-
imum of 1 m proximal fall tephra thickness. Together with the 2- to 4-cm-thick marine tephra layer, CA17, and 
marine thickness data from the southern Aegean and Mediterranean Sea (Hardiman, 1999; Wulf et al., 2020), we 
estimate the minimum area of the Cape Thera tephra to be 3.5 × 104 km2 (within the 0.5 cm isopach). This area 
corresponds to ∼4.1 km3 tephra volume from fall deposit alone, equivalent to 2.2 km3 DRE magma volume or 
∼5.9 × 1012 kg magma mass and a magnitude of M ∼ 5.8 (Figures 5b, 8, Table 1 and Table S3 in Data Set S1).

The Middle Pumice (141.0 ± 2.6 ka; Wulf et al., 2020) is a complex succession of a compositionally zoned plini-
an fall deposit, densely welded at the caldera wall, and unwelded pyroclastic flow deposits including lag breccias 
(Druitt et al., 1999). The fall deposit is up to 10 m thick but is mostly 2–6 m thick along the caldera wall (Boyce & 
Gertisser, 2012; Sparks & Wright, 1979). The corresponding marine tephra layer, CA16, is 1–14 cm thick in POS 
513 cores and has also been observed in other sediment cores by Federman and Carey (1980), Vinci (1985) and 
Wulf et al. (2020). Together, these data give a minimum area of 3.4 × 104 km2 (within the 3 cm isopach; Figure 7) 
and a total fall tephra volume of 9.2 km3, equivalent to 5.8 km3 DRE magma volume or ∼1.4 × 1013 kg magma 
mass and a magnitude of M ∼ 6.1 (Figures 6a, 8, Table 1 and Table S3 in Data Set S1). This fall deposit volume 
is a minimum for the Middle Pumice eruption because the ignimbrite volume has not yet been determined.

Figure 8. Natural logarithm of isopach thickness versus square-root of isopach area (Fierstein & Nathenson, 1992; 
Pyle, 1989) for all tephras mapped in Figures 5–7. (a) and (b) Fitting the data by two- or three-line segments works 
reasonably well for most tephras (solid lines); distribution into (a and b) due to the range of square-root isopach areas. 
However, data for KT, CR-north, KPT, CT, N4, CTh, LP1, LP2, CT3 (dashed lines) are only rough minimum estimates 
because the data are sparse and there are few well-constrained isopachs. (c) Fitting the data by the Weibull model of 
Bonadonna and Costa (2012, 2013), shown here exemplarily for the most widespread eruptions, generally yields a better fit 
and therefore more reliable volume estimate, particularly for tephras with more than three available isopachs. KT = Kolumbo, 
MT = Minoan, CR = Cape Riva with data for northern and eastern fans treated separately, CT = Cape Tripiti, US1 = Upper 
Scoriae 1, US2 = Upper Scoriae 2, CTh = Cape Thera, MP = Middle Pumice, LP2 = Lower pumice 2, LP1 = Lower Pumice 
1, CT3 = Cape Therma 3, YA2 = Yali 2, N1, N4 = Nisyros 1, 4, KPT = Kos Plateau Tuff, FT = Firiplaka.
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The Upper Scoriae 1 tephra (80.8 ± 2.9 ka; Wulf et al., 2020) on land comprises fall and pyroclastic flow depos-
its extending across >60 km2 on Thira (Druitt et al., 1989, 1999). The Upper Scoriae 1 eruption began with the 
emplacement of a widespread, 0.5- to 2-m-thick andesitic scoria fall deposit followed by breccias composed of 
spatter, bombs and lithic clasts up to 10 m thick; that layer is overlain by unwelded ignimbrite (Druitt et al., 1999; 
Mellors & Sparks, 1991). Marine tephra layer CA15 correlates with the Upper Scoriae 1 (Part 1) and occurs in six 
cores with thicknesses from 3 to 32 cm, typically within the sapropel S3 interval, as well as in other Mediterrane-
an cores (Aksu et al., 2008; Hardiman, 1999; Keller et al., 1978; McCoy, 1981; Vinci, 1985; Wulf et al., 2020). 
Combining the onshore isopachs for Unit A fall deposit (Mellors & Sparks, 1991) with the marine data yields a 
minimum area (within the 0.5 cm isopach) of 3.1 × 105 km2 (Figure 5) and a fall tephra volume (i.e., without the 
flow deposits) of ∼13.0 km3 equivalent to 9.8 km3 DRE magma volume or ∼2.5 × 1013 kg magma mass and a 
magnitude of M ∼ 6.4 (Figures 7b, 8, Table 1 and Table S3 in Data Set S1).

Another prominent black marine ash layer, CA10, which is 7–12 cm thick in seven cores west and east of San-
torini, is the marine equivalent of Upper Scoriae 2 on land. Using the data of Satow et al. (2015, 2020), we were 
able to identify US2 ash in their core LC21 southeast of Santorini. Wulf et al. (2020) observed US2 ash in core 
KL49 which lies closer to Santorini than LC21. The onshore Upper Scoria 2 deposits have a thin (<80 cm), 
widespread basal dacitic fall layer, overlain by andesitic pyroclastic surge deposits, lithic lag breccias, scoria flow 
deposits, and spatter agglomerates locally up to 50 m thick (Druitt et al., 1999; Mellors & Sparks, 1991). The Up-
per Scoriae 2 tephra covers a minimum area (within the 3 cm isopach) of 1.1 × 104 km2, equivalent to ∼5.8 km3 
erupted tephra volume, not including the proximal flow-deposit volume. This volume equates to ∼3.6 km3 DRE 
magma volume or ∼9.3 × 1012 kg magma mass and a magnitude of M ∼ 6.0 (Figures 5b, 8, Table 1 and Table 
S3 in Data Set S1).

The 27.5 ± 0.7 ka (Satow et al., 2015) dacitic Cape Tripiti eruption emplaced a 1-m-thick onshore pumice fall 
deposit mainly exposed on Therasia (Fabbro et al., 2013). This fall deposit continues as 1- to 7-cm-thick tephra 
layer CA5 on the sea floor and was sampled by seven POS 513 cores. It has also been identified in six other cores 
of the region (Y4 ash; Druitt et al., 1999; Hardiman, 1999; Keller et al., 1978; Satow et al., 2015; Vinci, 1985; 
Wulf et al., 2020). The marine and onshore thickness data constrain a minimum area of 1.4 × 104 km2 (within 
the 1 cm isopach), giving an erupted tephra volume of ∼3.1 km3, equivalent to 2.2 km3 DRE magma volume or 
∼5.3 × 1012 kg magma mass and a magnitude of M ∼ 5.7 (Figures 5a, 8, Table 1 and Table S3 in Data Set S1).

The very widespread marine tephra layer, CA4, is the distal facies of the 22 ± 0.3 ka old Cape Riva tephra (Bronk 
Ramsey, Albert, et al., 2015), the rhyodacitic product of the third caldera-forming eruption of Santorini. On land, 
the Cape Riva tephra consists of a thick (∼4 m), welded and unwelded pumice fall deposit (Cape Riva A) overlain 
by tens of meters of ignimbrite (Druitt, 1985; Druitt & Sparks, 1982). Marine tephra CA4 is found in 15 POS 513 
cores. It is the Y2 layer of Keller et al. (1978) and has been identified in numerous other cores around the Aegean 
Sea (Aksu et al., 2008; Federman & Carey, 1980; Margari et al., 2007; Vinci, 1985; Wulf et al., 2002, 2020) but 
also in Tenaghi Philippon (Seymour et al., 2004; Wulf et al., 2018) and in the southwestern Black Sea (Kwiecien 
et al., 2008) and in western Turkey (Roeser et al., 2012). The thickness data suggests a bilobate fan (Figure 7); 
the grain size is overall finer at a given distance from the source in the northern compared to the eastern lobe. 
The eastern lobe has an orientation similar to most of the other Aegean Volcanic Arc fall tephras which were dis-
persed by high-level westerly winds. On the other hand, the occurrence of ∼60-cm thick Cape Riva fall deposits 
on Eos (pers. com. Raphael Paris) and several cm-thick tephra in Tenaghi Philippon (Seymour et al., 2004; Wulf 
et al., 2018) as well as the absence of fall deposits under welded Cape Riva ignimbrite on eastern Thera suggest 
northward dispersal of the Cape Riva plinian fall deposit. However, further investigation is needed to clarify how 
the two dispersal lobes relate to changes in eruption mechanism and/or plume height. In the absence of reliable 
knowledge of their origin, we have estimated tephra volumes for the two lobes separately; the two lobes may be 
related to the two different eruption phases “CR-A/B” suggested by Wulf et al. (2002).

The onshore Cape Riva A fall data together with the marine data in the eastern lobe yields a minimum area of 
1.9 × 105 km2 (within the 2 cm isopach). The tephra volume of ∼23.9 km3 converts to 16.0 km3 DRE magma 
volume or ∼3.8 × 1013 kg magma mass (Figures 7a, 8, Table 1 and Table S3 in Data Set S1). The northern lobe is 
based mainly on the published distal data for the northern Aegean Sea and the Sea of Marmara (Aksu et al., 2008; 
Wulf et al., 2002). The ash covered a minimum area of 1.8 × 105 km2 (within the 5 cm isopach), which amounts to 
∼32.5 km3 tephra volume, 22.8 km3 DRE magma volume or ∼5.5 × 1013 kg magma mass (Figures 7a, 8, Table 1 
and Table S3 in Data Set S1). Combining both eastern and northern ash volumes, the Cape Riva eruption released 
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a total of at least ∼56.4 km3 of fall tephra which does not include the unknown terrestrial proximal and distal ma-
rine ignimbrite volume. This fall deposit volume converts to ∼38.8 km3 DRE of magma volume or 9.3 × 1013 kg 
mass and a magnitude of M ∼ 7.0 (Table 1).

The Minoan Tephra is up to 55 m thick on Santorini and comprises up to 5.5 m of a southeasterly dispersed fall 
deposit, divided into two subunits by grain-size characteristics, overain by a succession of syn-plinian pyroclastic 
surge deposits containing remnants of fall layers, and then by ignimbrite composed of several flow units (Druitt 
et al., 1999). The dominant white rhyodacitic pumice is accompanied by minor andesitic enclaves in the fall de-
posit. The marine tephra CA3, representing the 3.6 ka old Minoan tephra, is found in most POS 513 and in other 
Mediterranean sediment cores (Z tephra; Aksu et al., 2008; Federman & Carey, 1980; Hardiman, 1999; Keller 
et al., 1978; Margari et al., 2007; Satow et al., 2015, 2020; Vinci, 1985; Wulf et al., 2002, 2020) as well as in the 
southwestern and southeastern parts of the Black Sea (Kwiecien et al., 2008; Cullen et al., 2014). The fall tephra 
(which may include a co-ignimbrite component) covers 5 × 105 km2 (within the 2 cm isopach) of the Aegean 
and eastern Mediterranean seas (Figure 6b) and yields a preliminary tephra volume of ∼53.1 km3 (Figures 7 
and 8; Table 1). The preliminary erupted DRE magma volume is 32.4 km3 and the corresponding magma mass 
is 7.8 × 1013 kg which yields a magnitude of 6.9 for the plinian phase of the eruption. Sigurdsson et al. (2006) 
interpreted a seismic facies observed around Santorini as the Minoan pyroclastic flow deposits and estimated 
their volume as 54.5 km3 tephra or 41 km3 DRE. These values need to be added to the fall values to characterize 
the total eruption volume. However, we refrain from doing that explicitly because ongoing work (e.g., Karstens 
et al., 2020) presently investigates new seismic data and investigate the dispersed ash part above marine tephra 
layers so that new ignimbrite volume estimates as well as more precise fall volumes will soon be published 
(Karstens, pers. com.).

Eruptions from Kameni Island between 100 and 950 AD generated marine tephra CA2, found up to 41 km from 
Santorini (Part 1). However, it is not possible to relate CA2 to a specific eruption and it is not clear whether all 
three separate ash layers were produced by the same or by different eruptions. Nevertheless, applying the Leg-
ros (2000) model to the sparse data provides a rough estimate of the magnitude of the Kameni eruptions. Tephra 
volumes in the range ∼0.1–0.5 km3 correspond to ∼0.4 km3 DRE magma volume or ∼2.3 × 1011 kg erupted 
magma mass and a magnitude of M ∼ 4.4 (Figures 5c, 8, Table 1 and Table S3 in Data Set S1).

6.3. Kolumbo

The youngest tephra layer identified in our cores (CA1) was produced by the 1650AD eruption of Kolumbo sub-
marine volcano. We found this tephra in 16 POS 513 cores mostly to the east of the volcano where it is 6–73 cm 
thick and comprises proximal submarine pyroclastic density current and fall deposits and distal fall deposits from 
subaerial ash transport. We used data from Cantner et al. (2014) and Fuller et al. (2018) to estimate the proximal 
20 m isopach at the crater wall and 2 m isopach at the foot of the edifice. Combined with our marine data, the 
minimum area for the Kolumbo Tephra (within the 2 cm isopach; Figure 5) is 1.8 × 104 km2 and the total tephra 
volume is 4.4 km3, corresponding to 2.5 km3 DRE magma volume or 5.7 × 1012 kg magma mass and a magnitude 
of M ∼ 5.8 (Figures 5a, 8, Table 1 and Table S3 in Data Set S1).

6.4. Kos

The phreatoplinian eruption of the Kos Plateau Tuff (KPT; 161.3  ±  2.2 ka, Smith et  al.,  1996) from a sub-
marine vent was the largest eruption in the eastern part of the Aegean Volcanic Arc and formed a submarine 
caldera between Kos and Nisyros. An initial fall phase was followed by huge pyroclastic density currents which 
emplaced thick ignimbrite and surge deposits on Kos and other islands up to 160 km from the vent (Allen and 
Cas, 1998, 2001). The erupted magma volume responsible for caldera subsidence has been estimated as ∼60 km3 
DRE (Allen et al., 1999; Nomikou, Croff Bell, et al., 2013). We correlated tephra layer CA18 in four POS 513 
cores west of Kos with the KPT, and KPT ash has also been recognized in many other Aegean and Mediterranean 
cores by Federman and Carey (1980), Hardiman (1999), Margari et al. (2007), Satow et al. (2015, 2020), Vin-
ci (1985), and Wulf et al. (2020) as well as in the southeastern Black Sea (Wegwerth et al., 2019). Using all these 
marine data, and the proximal thickness of fall unit A, the area (within the 1 cm isopach) is 5.3 × 105 km2 (Fig-
ure 6b). The corresponding fall tephra volume is ∼33.1 km3. To this we add the ignimbrite volume of 91 km3 for 
units B to F estimated by Allen et al. (1999) to derive a total erupted tephra volume of 124.1 km3, corresponding 
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to 71.1 km3 DRE magma volume or ∼1.7 × 1014 kg magma mass and a magnitude of M ∼ 7.2 (Figures 6b, 8, 
Table 1 and Table S3 in Data Set S1), which is within or slightly larger than previous estimates.

6.5. Yali

The exposed eruptive history of Yali volcano comprises submarine to emergent explosive and effusive activity 
represented by the >150-m-thick Yali-1 pumice breccia succession (∼54.5 ka) which is separated by carbonate 
and clastic sediments from the ∼34 ka Yali-2 subaerial pumice fall (Allen & McPhie, 2000). Yali-1 ash is pres-
ent in three POS 513 cores east of Yali and Nisyros and is 2–5 cm thick. The area of within the 3 cm isopach 
is 660 km2 (Figure 5b). Including a proximal area of ∼9 km2 and minimum thickness of 75 m evident from 
profiles shown in Allen and McPhie (2000) across southern Yali island, we estimate the erupted tephra volume 
to be ∼3.4 km3, the erupted magma volume to 2.0 km3 DRE and the erupted magma mass to be 4.6 × 1012 kg 
corresponding to a magnitude of M ∼ 5.7 (Figures 5b, 8, Table 1 and Table S3 in Data Set S1). The rather limited 
lateral dispersal of Yali-1 ash seems to contrast with the impressive thickness of the proximal deposits. Where it is 
thickest (POS 513-52), the Yali-1 ash consists of four normally graded medium to fine ash layers with boundaries 
at low angles to each other, suggesting deposition from submarine density currents.

As discussed above, the marine ash related to the Yali 2 eruption comprises two contemporaneous facies distin-
guished by glass composition and western and southern dispersal (Figure 4c). The 3- to 11-cm-thick southern 
facies (Yali-2a) is massive, rather well-sorted, normally graded fine lapilli to coarse ash. The western facies 
(Yali-2b) is massive, 3–22 cm thick fine ash in three cores but in core POS513-50 closest to Yali island, it is an 
86-cm-thick bed of multiply graded medium to fine lapilli overlain by stratified ash (Figure 4c). Using a mini-
mum thickness of 2 m on Yali and Nisyros (Allen & McPhie, 2000), 3–11 cm thicknesses in POS 513 cores and 
1-to 9-cm-thick Yali 2 ash layers observed in other, more distal cores (Aksu et al., 2008; Hardiman, 1999; Satow 
et al., 2015; Vinci, 1985), we estimate the minimum area to be 5.5 × 104 km2 (within the 2 cm isopach; Figure 6a). 
The tephra volume for the fall facies (Yali-2a) is 14.3 km3, corresponding to 11.0 km3 DRE magma volume or 
2.6 × 1013 kg magma mass and a magnitude of M ∼ 6.4 (Figures 6a, 8, Table 1 and Table S3 in Data Set S1). For 
Yali-2b facies, we obtain significantly lower values of 0.6 km3 tephra volume and 0.1 km3 DRE magma volume 
or 3 × 1011 kg magma mass. In total this sums up to a tephra volume of 14.7 km3, corresponding to 11.1 km3 
DRE magma volume.

6.6. Nisyros

For the Upper and Lower Pumice from Nisyros, dated herein at ∼57 ka and 75.8 ka, respectively, we use onshore 
thickness data from Hardiman (1999). Distal marine thickness data from the literature are available only for the 
Upper Pumice tephra (Aksu et al., 2008; Karkanas et al., 2015; Margari et al., 2007; Tomlinson et al., 2012; 
Vinci, 1985). Nisyros 1, the marine tephra of the Upper Pumice from Nisyros, is 2–53 cm thick and present in 
13 marine gravity cores from near Nisyros Island to 300 km downwind in the northern Aegean Sea, resulting 
in a minimum area of 4.8 × 104 km2 within the 2 cm isopach. The erupted tephra volume estimate of 16.6 km3 
corresponds to 11.8 km3 DRE magma volume or 2.9 × 1013 kg of magma mass and a magnitude of M ∼ 6.5 (Fig-
ures 6a, 8, Table 1 and Table S3 in Data Set S1).

We found Nisyros 4 marine tephra, equivalent to the Lower Pumice from Nisyros, in one core close to the south 
of the island (thickness >20 cm) and another distal core to the southwest (4 cm thickness). The minimum area 
within the 4 cm isopach is 2,860 km2 (Figure 5c). The tephra volume of ∼2.3 km3 corresponds to 1.4 km3 DRE 
magma volume or 3.3 × 1012 kg magma mass and a magnitude of M ∼ 5.5 (Figures 5c, 8, Table 1 and Table S3 
in Data Set S1).

The newly identified marine tephras, Nisyros 3 and Nisyros 2, intercalated between Nisyros 4 and Nisyros 1, oc-
cur in one core only (POS 513-52) southeast of Nisyros (Figure 1) and no equivalent deposit has yet been found 
on land. We thus used the minimal data approach of Legros (2000), assuming the core site 15 km from the island 
lies on the axis of a dispersal fan with 45° aperture. This approach gives a rough estimate of minimum tephra 
volume of ∼11 × 106 m3 (2.01 × 1010 kg magma) for the 4-cm-thick ash layer Nisyros 3 (CA13) and ∼9 × 106 m3 
(1.72 × 1010 kg magma) for the 3-cm-thick ash layer Nisyros 2 (CA12) corresponding to magnitudes of M ∼ 3.2 
and 3.3 (Figures 5a, 5b, 8, Table 1 and Table S3 in Data Set S1).



Geochemistry, Geophysics, Geosystems

KUTTEROLF ET AL.

10.1029/2021GC010011

19 of 31

7. Discussion
7.1. Significance of Sedimentation-Rate Variations

The correlated tephras provide excellent time marks that facilitate to determine the average sedimentation of 
hemipelagic sediment between them, and hence lateral and temporal variability in these rates in the relatively 
shallow waters along the Aegean arc. We have not investigated the sediments in any detail, apart from the obvi-
ous division into light hemipelagic and dark sapropel intervals, but we think that our data provide a first insight 
into how sedimentation rates were possibly affected by climate changes, eruptive events and tectonic activities. 
Variations of hemipelagic sedimentation rates in selected cores (Figure  3) are compared with environmental 
parameters such as sea level changes and sapropel intervals in Figure 9. It should be noted that the temporal 

Figure 9. (a) Temporal variation of global mean sea level (blue curve) after Benjamin et al. (2017) and Waelbroeck et al. (2002). Brown bars indicate sapropels S1 to 
S7 after Grant et al. (2017), Kroon et al. (1998) and Rohling et al. (2015). Gray - white alternations mark marine isotope stages MIS 1–7 after Railsback et al. (2015). 
(b) Minimum emitted tephra volumes of the major Aegean eruptions. Note that particularly the large-volume fall deposits were associated with additional large-volume 
ignimbrites not considered here. (c) Variation of hemipelagic sedimentation rates analogous to Figure 3 but varying with age rather than depth in core. Age anchor 
points and sedimentation rates are summarized in Table S2 in Data Set S1.



Geochemistry, Geophysics, Geosystems

KUTTEROLF ET AL.

10.1029/2021GC010011

20 of 31

resolution of the sedimentation rates profiles is much less than that of sea level variations, and that comparisons 
must be made with some caution.

Very low sealevel during the last two Pleistocene glacial maxima created much larger erodible land surface and 
longer coastlines around the Aegean arc (Figure 10; Sakellariou & Galanidou, 2016, 2017; Simaiakis et al., 2017). 
None of our cores, however, shows significantly increased sedimentation rates during these periods (Figure 9), 
possibly because drier climate reduced erosion rates on land. On the other hand, high sealevel conditions of the 
Eemian interglacial lasting from ∼120 ka until about 80 ka, also did not produce elevated sedimentation rates in 
the four cores that crossed this interval even though stronger erosion would be expected during warmer and wetter 
climate (Cane et al., 2002; Rohling et al., 2015). One possible exception may be the slightly elevated rate across 
sapropel S5 in core POS513-28 near Astypalia. For the warm, relatively wet high-sealevel Holocene period all 
cores show elevated sedimentation rates between 6.5 and 3.6 ka, that is, from the top of sapropel S1 up to the 
Minoan tephra, similar to the rates below sapropel 1. Sedimentation rates within sapropel S1 (Figure 9, Table S2 
in Data Set S1) are generally lower. Sapropel S3 is present in five cores but only two of these (cores POS513-37, 
-46) yield elevated sedimentation rates for the S3 interval. Although the sedimentation rates of the Aegean sap-
ropel intervals roughly agree with those found at ODP967 south of Cyprus (S1 6.6 cm/kyr, S3 5.2 cm/kyr; Grant 

Figure 10. Lateral distribution of average hemipelagic sedimentation rates across the eastern Aegean region for the time periods (a) 0–60 ka and (b) 4–60 ka. Core 
positions are indicated by black dots with black core numbers. Present day islands are shown as white fields. Red dashed line is the coast line during the Last Glacial 
Maximum (∼20–30 ka; Figure 9a), yellow dashed line is the estimated coast line during the Middle/Late Pleistocene glacial maximum (∼140 ka; Figure 9a), and 
gray lines are major faults, all from Sakellariou and Galanidou (2016). At least near the positions of cores POS513-28 and -46 Middle Pleistocene regression is 
overestimated because these cores contain marine sediments of that age. Sedimentation rate contours (color shaded areas) were generated with the contouring app of 
Origin 2021 and superimposed on the bathymetric map of Figure 1. Note that contours outside a tight envelope around the core positions are calculation artifacts.
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et al., 2017), they vary widely between cores (S1 1.1–13.6 cm/kyr, 16 cores; S3 3.3–7.1 cm/kyr, 5 cores) probably 
in response to the varied paleomorphology along the Aegean arc.

Subaerial and submarine erosion rates can also be greatly enhanced when explosive volcanic eruptions emplace 
large volumes of easily erodible tephra. For example, Zhao et al.  (2019) documented very high erosion rates 
immediately after emplacement of the Capelinhos cone (Faial, Azores) that declined in inverse power-law fash-
ion through later times. However, none of the cores in the central Aegean region shows a significant increase in 
sedimentation rate after the largest eruptions on Santorini, nor is such feature observed in the eastern cores after 
the Kos, Nisyros and Yali eruptions (Figure 9). In many cores there is an apparent increase in sedimentation 
rate between the Minoan ash and the seafloor that may be partly due to uncompacted nature of near-seafloor 
sediment; some cores even show a reverse trend of lower rates immediately below the sea floor. For the older 
eruptions, the absence of post-eruptive sedimentation-rate peaks may be a problem of temporal resolution. For 
example, the hemipelagic sedimentation rate after the Cape Riva eruption is determined as the average rate of 
the time interval 22-3.6 ka. Such averaging would obscure an initial, relatively short-lived peak in sedimentation 
rate that is followed by a relatively long period of low and declining sedimentation rates. Dedicated petrographic 
analysis of the sediments may eventually resolve such features.

Tectonic uplift increases erosion rates and may be visible as enhanced sedimentation rates in surrounding sea-
floor profiles. The fast uplift of Yali (discussed in Section 7.2) did not, however, produce obviously elevated 
sedimentation rates in sediment cores around the Yali-Nisyros complex. Since the Yali-1 eruption, sedimentation 
rates in core POS513-53 remained approximately constant whereas those in core POS513-52 actually declined 
(Figure 9).

Figure 10 shows the lateral distribution of the average hemipelagic sedimentation rate for the past 60 kyrs, ignor-
ing the local temporal variations during that period which are, in most cores, limited in magnitude except for the 
topmost zone (Figure 3). This regional comparison shows that the average rate is relatively high in the basin west 
of Yali. Future studies investigating the proportion of Yali-derived volcaniclastic material in the sediments may 
reveal whether these high values can at least partly be attributed to tectonic uplift of Yali.

The distribution map shows an even more prominent maximum in hemipelagic sedimentation rate north of 
Kolumbo volcano. This area overlaps with the Anydros tectonic basin which forms a sediment sink that subsided 
in a stepwise fashion (Fuller et al., 2018; Hübscher et al., 2015; Nomikou et al., 2016). The sedimentation rate 
maximum in Figure 10a is strongly reduced when the last 4 kyrs are excluded from the averaging (Figure 10b). 
This reduction is presumably mainly due to deposition of Kolumbo-derived reworked deposits in the basin. How-
ever, most of our cores in that region did not recover more than a few decimeters of sediment and further drilling 
is clearly needed to characterize the Anydros basin fill.

In summary, at the present temporal resolution, the hemipelagic sedimentation-rate variations along the Aegean 
arc do neither show clear correlations with either climate extremes nor with large eruptions, suggesting that local 
paleomorphological conditions exerted the major control on these rates. Tectonic uplift (Yali) and subsidence 
(Anydros basin) may have affected sedimentation rates but further work is required to verify that.

7.2. Implications of New Ash-Layer Ages

The ages of the major tephras from Santorini are well constrained and mostly serve as time marker in this study. 
Therefore, we here focus on the new tephra ages we have obtained for Milos and the Kos-Yali-Nisyros volcanic 
complex.

The recognition that the Firiplaka Tephra from Milos is widespread demonstrates that plinian eruptions have 
occurred that were much more powerful than the phreatomagmatic eruptions hitherto recognized on land, and 
that explosive volcanism on Milos is significantly younger (36.3 ka) than previously thought (>62 ka; Zhou 
et al., 2021).

The most significant tephra age estimates are those for Nisyros and Yali volcanoes (Figure 11). The Yali-2 erup-
tion appears to have been more complex than implied by the fall deposit on land in that two magma compositions 
were erupted in such a way that the major, more evolved magma batch formed a widespread marine tephra layer 
(Yali-2a). The minor, less evolved magma produced a marine tephra layer of limited extent (Yali-2b). Yali-2b, 
Yali-2a and Yali-1 form a magmatic differentiation trend (Figure 4) but the most evolved Yali-1 magma erupted 
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roughly 20 kyrs before the less evolved Yali-2 magma (Figure 12), which appears to have been compositionally 
zoned. Either the Yali-2 eruption discharged less-evolved magma left after the Yali-1 eruption, or a new, less-
evolved magma batch was generated following the Yali-1 eruption. Largely overlapping zircon crystallization 
ages of Yali-1 and Yali-2 (Popa et al., 2020) probably mostly reflect the age of the underlying mush zone (Bach-
mann et al., 2012) rather than that of the shallower erupting reservoirs.

The two major eruptions known from Nisyros (Nisyros 1 and Nisyros 4) were separated by a time period of about 
20 kyrs during which two other highly explosive, but lower magnitude, eruptions occurred (Figures 11 and 12). 
The four N-1 through N-4 tephras can be compositionally distinguished from each other but all together form 
a differentiation trend that is clearly distinct from that formed by the Yali glass compositions (Figures 4, 12; 
Figure 8 in Part 1). The Nisyros trend could represent progressive differentiation with time probably in a large 
magma reservoir that was repeatedly tapped without significantly interrupting the differentiation process.

According to Bachmann et al. (2012), the KPT caldera formed by eruption of rhyolitic magma from a large crys-
tal-mush body that was relatively cool and derived from volatile-rich parental melts. A new post-caldera mush 
zone developed from less volatile-rich parental melts and formed hotter derivative magmas that erupted the Nisy-
ros tephras characterized by higher Zr/Nb and little change in Rb/Sr compared to the KPT-Yali trend, reflecting 
different onsets of plagioclase and zircon fractionation (Figures 4 and 12). Subsequent lower-temperature and 
more volatile-rich conditions then produced the Yali-1 composition. Bachmann et al. (2012) apparently did not 
analyze Yali-2. This model needs to be adjusted in the light of the new age results herein. The Yali-1 submarine 
eruption may have occurred shortly after (∼54.9 ka) the Nisyros-4 caldera-forming eruption on Nisyros (57 ± 2.9 
ka) or else, considering the age errors, almost simultaneously. Hence, there was no time between Nisyros-4 and 
Yali-1 for the entire magma system to change to the new, cooler conditions required to form the highly evolved 
Yali-1 rhyolite. We therefore suggest that Nisyros and Yali magmas evolved separately such that evolution to 

Figure 11. Marine tephrochronology based on the POS 513-53, -52, -50, -45, -44, -43, -35 cores compared with the schematic, not to scale, composite stratigraphic 
profiles of Nisyros and Yali volcanoes, compiled from Allen and McPhie (2000), Francalanci et al. (1995) and Limburg and Varekamp (1991).
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Yali-1 magma in the Yali system occurred roughly contemporaneous with the evolution to the Nisyros-4 magma 
in the Nisyros system. Our new eruption age for Yali-1 suggests that the Yali-1 magma reservoir already existed 
at the time of the Nisyros-4 eruption.

Our age data also indicate a time gap of ∼22 kyrs between the Yali-1 and Yali-2 eruptions, in contrast to only 
4.5–7.5 (±10) kyrs implied by the zircon dating of Popa et al. (2020). Based on their earlier (Popa et al., 2019) 
model of explosive-effusive transition conditions, Popa et al. (2020) concluded that repose times greater than 
∼12 kyrs at Yali should result in subsequent effusive rather than explosive eruption. This inference may apply to 
the extrusion of rhyolite lava ∼12 kyrs after the Yali-2 eruption (Popa et al., 2020), because the lava bulk-rock 
and glass compositions are similar to, but differ in detail from, the Yali-1 tephra (Figure 12). For the ∼22 kyrs 
repose between Yali-1 and Yali-2, however, Popa et al. (2020) did not explicitly consider the less evolved magma 
composition of Yali-2a and Yali-2b with respect to Yali-1 (Figures 4 and 12) which we interpret as a new magma 
batch after the Yali-1 eruption, as discussed below.

With respect to Yali, our tephra age estimates also have implications for tectonic processes. The proximal Yali-1 
tephra, which formed largely under submarine conditions, is covered by carbonate and (bio)clastic sediments that 
were deposited in very shallow water but now lie at 120 m above sea level (Allen & McPhie, 2000). At the time of 
the Yali-1 eruption, the sea level was about 50 m lower than today (Figure 9a), implying that an uplift of ∼170 m 
must have occurred since 54 ka, giving an average uplift rate of ∼3 mm/yr. This estimate is a minimum because 
we do not consider the unknown time needed to form the shallow-marine sediments after the Yali-1 eruption. 
Moreover, uplift above sealevel must already have occurred before 33 ka when Yali-2 tephra erupted subaerially. 
If all uplift had occurred between 54 to 34 ka, the uplift rate would have been ∼8 mm/yr, considering also a few 
meters sealevel drop between both eruptions, but uplift may have continued after the Yali-2 eruption. Vertical 

Figure 12. Variations with age of selected geochemical parameters of the glass compositions of the KPT, Nisyros (N1-N4) and Yali tephras (YA1, YA2). Rectangular 
fields give compositional ranges of samples collected on land, symbols mark glass compositions of marine tephras. Data for Kamara Obsidian from Popa et al. (2019). 
Terrestrial and marine geochemical data shown are given in the supplementary Tables S2a, S2b, S3a, and S3b of Part 1. Note change of age scale at 80 ka.
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movements are also evident from several normal faults that offset the Yali-1 tephra by up to 100 m; these offsets 
must have formed since the Yali-1 emplacement (Allen & McPhie, 2000). Nomikou and Papanikolaou (2011) 
described a fault zone that extends across Nisyros and Yali, including the Mandraki faults on Nisyros, and that has 
a 100 m vertical offset on the sea floor between the islands as well as on land. GPS data and earthquakes attest to 
continued activity on these faults, and the GPS measurements yielded an uplift of up to 30 mm/yr on the Mandra-
ki fault on Nisyros during the 1997–2001 period (Lagios et al., 2005). Long-term average vertical displacements 
are generally much smaller. For example, subsidence of the eastern margin of the Cyclades plateau between 250 
and 18 ka occurred at a mean rate of 0.44 mm/yr (Lykousis, 2009). The mean uplift rate of 0.06 mm/yr over a 
3.5 Myr period of Santa Maria volcanic island in the Azores has been attributed to “magmatic thickening” of the 
thin, young oceanic crust (Ramalho et al., 2017). Over a shorter time period more comparable to the Yali case, 
Kröchert et al. (2008) determined an uplift of 4 mm/yr during the last 18,000 years for southern Tenerife, Canary 
Islands. In the absence of compressive tectonics, the high uplift rates of volcanic islands over intermediate (order 
of 104 years) time periods is best explained by magma intrusion. During the phase of active intrusion, the uplift 
rate would be much higher than the long-term mean rate. For example, the present inflation at Laguna del Maule, 
Chile, causes >200 mm/yr uplift rate (Le Mével et al., 2021). At such a rate the 170 m uplift at Yali would be 
achieved within <900 years. From the observation that Yali-2 magma was less evolved than the Yali-1 magma, 
we suggest that the fast uplift of Yali sometime after the Yali-1 eruption and before the Yali-2 eruption was caused 
by intrusion of at least ∼2 km3 (Yali-2 erupted magma volume) of less evolved magma into a shallow crustal level 
(perhaps the ∼8 km depth as proposed by Nomikou & Papanikolaou, 2011).

7.3. Implications of Erupted Magma Volumes and Masses

Figure 13 illustrates the temporal sequence of erupted magma volumes at the investigated volcanic complexes. 
Most of the analyzed tephras (60%) represent eruptions in the eruption magnitude (c.f. Pyle, 2000) range M6 
(M5.5 to 6.5), 20% are M7, and the remaining 20% distribute over the M3 to M5 range (Figure 14a). The suc-
cession of measured tephras is most complete for Santorini, where the erupted magma volumes add up to a total 
of 130 km3 DRE for the last 200 kyrs, which converts to an average magma mass flux of ∼40 kg/s (0.65 km3/
ky). These estimates are minimum values because, as stated earlier, they do not include magma masses stored 
in pyroclastic flow deposits, which are not well constrained but are probably smaller than the fall (plinian and 
co-ignimbrite) deposit. Also not included are the (unknown) magma masses for the Vourvoulos and other, minor 
tephras and lavas intercalated between the major tephras (Wulf et al., 2020) but inclusion of these units would not 
significantly modify the results. For example, the mafic Skaros shield of 12 km3 (formed between US1 and US2) 
and the dacitic Therasia dome complex of 2 km3 (formed between US2 and CT; Fabbro et al., 2013) would togeth-
er shift the US2 to MT data in Figure 14b to the right by only 0.14 × 1014 kg. Similarly, the volume of 2.2–2.5 km3 
of the pre-Kameni island in the Santorini caldera formed between the Cape Riva and Minoan eruptions (Karátson 
et al., 2018) adds little to the total erupted magma volume of the Santorini volcanic complex.

The relatively high long-term magma flux of 40 kg/s (slightly lower than ∼67 kg/s estimated by Druitt et al., 1999) 
may have been favored by the extensional tectonic conditions (Nomikou et al., 2016). However, the magma flux 
varied with time (Figure 14b). Two eruptive cycles have been identified in the Santorini tephra succession (∼360 
to ∼177 ka, and ∼177 to 3.6 ka) during which erupted magma compositions became more evolved with time 
(Druitt et al., 1999). For most of the second cycle (Cape Thera to Cape Tripiti tephras), when erupted magmas 
had dominantly intermediate compositions, the magma flux remained approximately constant at around 11 kg/s 
(0.17 km3/ky; Figure 14b). During the final phase of the cycle (Cape Tripiti to Minoan tephras) when evolved 
magmas were erupted, the average eruptive magma flux was 196 kg/s (2.7 km3/ky; Figure 14b). This sharp in-
crease in flux was actually preceded by a minimum flux (∼5 kg/s or 0.1 km3/ky) between US2 and CT (Fabbro 
et al., 2013). The available data for the first eruptive cycle suggests an average 97 kg/s (1.47 km3/ky) but data for 
the Cape Therma 1 and 2 tephras and minor eruptive events are missing.

For the Kos-Yali-Nisyros volcanic complex, the magma masses represented by the major tephras (Figure 13) 
represent only a fraction of total magma erupted since formation of the KPT caldera, because the intracaldera 
edifices of Yali and Nisyros and other structures younger than 161 ka (Nomikou et  al.,  2021) also comprise 
substantial magma volumes. Nomikou et al. (2021) determined edifice volumes for Nisyros and Yali of 39 km3, 
which we estimate to represent ∼20 km3 DRE magma volume. This volume is comparable to the cumulative mag-
ma volume of 24 km3 stored in the major tephras. The edifice magma mass for Nisyros and Yali is ∼4.2 × 1013 kg 
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and this mass must be added to the KPT mass (dashed line in Figure 14b; the precise timing is not known). The 
Kos-Yali-Nisyros post-caldera data then show a temporal variation in long-term eruptive magma flux that is sim-
ilar to the variation observed in the second cycle of Santorini (Figure 14b). The long-term average eruptive mass 
flux over the 43 kyr period from N4 to Yali-2 is 37 kg/s.

With only one measured tephra each, no temporal variations in erupted magma mass can be constrained for 
Kolumbo and Milos. The volcanic edifice of Kolumbo, dominantly composed of volcaniclastic deposits, has a 
volume of 13–22 km3 within a ∼5 km radius which includes the proximal 1650 AD tephra (Hübscher et al., 2015). 
That edifice volume equals ∼9–15 km3 DRE magma volume and, ignoring the minor proximal overlap, we add 
2.9 km3 DRE of the 1650 AD tephra. This historic explosive eruption discharged 20%–30% of Kolumbo's total 
magma volume, which is a maximum estimate, because potential distal tephras from older eruption phases con-
tain an unknown additional magma volume. If each of the four pre-1650 phases seismically identified by Hüb-
scher et al. (2015) had magma volumes similar to the 1650 AD tephra, the bulk Kolumbo magma volume could 
easily be about 12 km3 larger.

Volcanism on Milos began in the Upper Pliocene and lasted to recent times, forming pyroclastic deposits, lavas 
and intrusions (Fytikas et  al.,  1986; Stewart & McPhie,  2006). The island edifice also includes an unknown 
volume of metamorphic basement (Rinaldi & Campos Venuti, 2003). Thus, it is difficult to place the erupted 
magma mass contained in the Firiplaka tephra into a context. Stewart and McPhie (2006) stated that the volcanic 

Figure 13. Erupted DRE magma volumes (violet circles, diameters relate to volume-scaled sphere) of tephras from Milos, 
Santorini – Kolumbo and Kos-Nisyros-Yali arranged by tephra age. Note change of age scale at 50 ka. Distance along the 
Aegean Volcanic Arc is measured from Antimilos. See Figures 5–7 for tephra acronyms. Numbers next to each circle give the 
tephra volume in km3.



Geochemistry, Geophysics, Geosystems

KUTTEROLF ET AL.

10.1029/2021GC010011

26 of 31

succession covers an area of 151 km2 with up to 700 m thickness on the island, which would suggest a bulk 
edifice volume of 106 km3, a minimum considering the unknown submarine volume. If, as a rough estimate, 
the submarine part has 70 km3 DRE magma volume, then the widespread Firiplaka tephra (4 km3 DRE) would 
account for almost 6% of the magma mass that may have been emplaced in the past 3 Myrs (Fytikas et al., 1986). 
More and deeper marine sediment cores are needed to test if such a large-magnitude eruption (M = 5.9) was very 
unusual for Milos or occurred more frequently in the past.

8. Conclusions
Using time marks provided by dated marine tephras, we have determined apparent hemipelagic sedimentation 
rates for the Aegean Sea between the islands of Milos in the west and Nisyros in the east. Some of these data 
reach back to ∼160 ka but most are <80 ka. We have discussed these data in the context of large sealevel and 
coastline changes, source material provision by large explosive eruptions, and paleomorphologic position as well 
as relation to tectonic uplift and subsidence.

We have determined the ages of seven previously undated tephras using the sedimentation rate at the respective 
core intervals. Most of these ages are well constrained by measurements in several cores. The seven new ages are 
37.0 ± 1.3 ka for the Firiplaka Tephra from Milos, 34.0 ± 0.9 ka for Yali 2 fall deposit (which roughly agrees with 
the 31 ka age based on oxygen isotope stratigraphy; Federman & Carey, 1980), ∼54.9 ka for the Yali 1 pumice 
breccia, 57.0 ± 2.9 ka for the marine Nisyros 1 tephra, equivalent to Upper Pumice on Nisyros, ∼63.1 ka and 
∼68.9 ka for Nisyros 2 and Nisyros 3 marine tephras not yet found on land, and ∼75.8 ka for Nisyros 4, equivalent 
to the Lower Pumice on Nisyros.

The 37.0 ± 1.3 ka age of the Firiplaka Tephra has important implications for volcanic hazard assessment at Milos 
because it shows that highly explosive volcanism extended to much younger times than those suggested by radi-
ometric dating (>60 ka; Zhou et al., 2021), in addition to showing that plinian eruptions have occurred that have 
not yet been recognized in the onshore stratigraphy.

The Yali and Nisyros tephra ages resolve long-standing age data conflicts for the post-caldera Kos-Nisyros-Yali 
volcanism. The different petrological characteristics of the Nisyros and Yali volcanic rocks have been interpreted 

Figure 14. (a) Distribution of analyzed tephras into eruption magnitude (c.f. Mason et al., 2004; Pyle, 2000) bins. Bins are defined as, for example, M6 including all 
magnitudes 5.5 ≤ M < 6.5. (b) Cumulative erupted magma mass versus age for Santorini and the Kos-Nisyros-Yali volcanic complex. Santorini data ignores minor 
tephras and lavas emplaced during the last 200 kyrs (cf. Wulf et al., 2020). Orange dotted line indicates how adding the masses of the Skaros shield (Sk) and the 
Therasia dome complex (TD) would shift younger data slightly to the right. For Kos-Nisyros-Yali, the tephras shown were erupted after the construction of the Nisyros 
and Yali edifices on the floor of the KPT caldera. The green dashed line indicates the Nisyros-Yali combined edifice volume of ∼39 km3, equivalent to an erupted 
magma mass of ∼4.2 × 1013 kg (Nomikou et al., 2021). KM = Kameni, MT = Minoan, CR = Cape Riva, CT = Cape Tripiti, US1 = Upper Scoriae 1, US2 = Upper 
Scoriae 2, CTh = Cape Thera, MP = Middle Pumice, LP2 = Lower Pumice 2, LP1 = Lower Pumice 1, CT3 = Cape Therma 3, YA1 = Yali 1, YA2 = Yali 2, N1-
N4 = Nisyros 1 to 4, KPT = Kos Plateau Tuff.
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as a temporal change in fractionation paths within a large crustal magma reservoir governed by input from depth 
of magmas changing from lower to higher volatile contents (Bachmann et al., 2012; Francalanci et al., 1995). The 
almost contemporaneous eruption of the Upper Pumice from Nisyros and the Yali-1 pumice breccia leaves no 
time for a gradual change but implies coexistence of two petrologically different magma reservoirs at Nisyros and 
Yali despite their close proximity.

Isopach maps of 20 tephras have been constructed; 15 are well constrained by numerous thickness data but 5 are 
based on limited data. Tephra volumes, magma volumes and magma masses have been determined, based on 
these maps. In the case of Santorini, these data cover almost the complete succession of major tephras known on 
land, and add up to a total magma DRE volume of at least 130 km3. The long-term average eruptive mass flux 
during the last 200 kyr on Santorini is ∼40 kg/s but magma flux varied temporally from values as low as 5 kg/s 
during periods of intermediate magma eruptions and dacitic dome extrusion to values as high as 160 kg/s during 
periods of highly explosive eruptions of the most evolved magmas. Applying the same approach to Kos-Nisy-
ros-Yali post-caldera volcanism suggests a similar average rate of ∼37 kg/s but is less well constrained because 
little is known about the volcanism between 161 ka (Kos Plateau Tuff caldera formation) and 76 ka (Lower 
Pumice from Nisyros) in that area.

Data Availability Statement
All data produced during this study is under way at Kutterolf, Freundt, Druitt, et al. (2021) in PANGAEA Data 
Archiving and Publication (https://doi.org/10.1594/PANGAEA.937928). An electronic copy of this data file is 
provided as Tables S1–S3 in Data Set S1.
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