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Abstract

The observation that individual volcanic centres have their own eruption frequencies has been known for a long time but is
as yet poorly understood. The key to a better understanding of the mechanisms controlling the eruption frequency comes
from integrating accurate geochronology and geochemical data with numerical models. In many silicic volcanic systems, the
eruption frequency is studied for short timescales of <1 Ma. Here, we combine two published numerical models to improve our
understanding of the eruption frequency in a long-lived (>3 Ma) felsic magmatic system, the Milos volcanic field. From these
two models, we interpret the time intervals between magma pulses into the subvolcanic reservoir (t;), the rates of magma supply
(Qav) and chamber growth rates (Gmc) as the key parameters controlling the eruption frequency. During the time intervals
of 1.5-1.04 Ma and 0.97-0.63 Ma the t; is longer than 500 years and the volcanic quiescence periods are longer than 350 ka.
Furthermore, these periods are characterized by low values for Qay ([?] 0.001 km3.yr™!) and for Gme (<0.0008 km?-yr1). In
contrast, during the time intervals of 3.3-1.5 Ma and 0.60-0.06 Ma, the t; is shorter (<0.5 ka) and the values for Qav (> 0.001
km3~yr'1) and for Gme (> 0.001 km3.yr'1) are higher corresponding to frequent eruptions. The parameters t;, Qay, and Gmc
appear to determine the eruption frequency of a volcanic system. Changes in one or more of these three parameters of the Milos

volcanic field correlate with changes in the tectonic stress field.
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Key Points:

* A combination of Monte Carlo simulation and thermo-mechanical modelling is applied to
the Milos felsic volcanic field

* Modelling suggests that the lithospheric stress field controls the magma supply and
magma chamber growth rates of the Milos volcano and therefore also the eruption
frequency
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Abstract

The observation that individual volcanic centres have their own eruption frequencies has been
known for a long time but is as yet poorly understood. The key to a better understanding of the
mechanisms controlling the eruption frequency comes from integrating accurate geochronology
and geochemical data with numerical models. In many silicic volcanic systems, the eruption
frequency is studied for short timescales of <1 Ma. Here, we combine two published numerical
models to improve our understanding of the eruption frequency in a long-lived (>3 Ma) felsic
magmatic system, the Milos volcanic field. From these two models, we interpret the time
intervals between magma pulses into the subvolcanic reservoir (t;), the rates of magma supply
(Qav) and chamber growth rates (Gnc) as the key parameters controlling the eruption frequency.
During the time intervals of 1.5-1.04 Ma and 0.97-0.63 Ma the t; is longer than 500 years and the
volcanic quiescence periods are longer than 350 ka. Furthermore, these periods are characterized
by low values for Q,, (< 0.001 km*-yr') and for G, (<0.0008 km?*-yr™"). In contrast, during the
time intervals of 3.3-1.5 Ma and 0.60-0.06 Ma, the t; is shorter (<0.5 ka) and the values for Q,, (>
0.001 km*-yr") and for G, (> 0.001 km*-yr") are higher corresponding to frequent eruptions.
The parameters t;, Q., and G, appear to determine the eruption frequency of a volcanic system.
Changes in one or more of these three parameters of the Milos volcanic field correlate with
changes in the tectonic stress field.

1 Introduction

Despite its importance for the prediction and mitigation of volcanic hazards, there is no
clear explanation of the processes responsible for the frequency of volcanic eruptions (e.g. Forni
et al., 2018). Voight et al. (1999) showed that small and frequent eruptions with a timescale of
hours to years are controlled by the conduit system whereas larger explosive eruptions are
controlled by the size of the magma chamber (e.g. Jellinek and DePaolo, 2003). Hildreth and
Lanphere (1994) suggested that large strato-cone systems stay active for approximately 500,000
years. Wijbrans et al. (2007) demonstrated that the life cycle of a monogenetic volcanic field can
be as long as 3 Ma with a characteristic periodicity in individual eruptions. Several models (e.g.
Caricchi et al., 2014; Degruyter and Huber, 2014) for the eruption frequency of magmatic
systems mainly focus on large (caldera-forming magnitude) and relatively short timescale (<1.0
Ma) volcanic systems, such as Santorini ( e.g. Degruyter et al., 2016), Mt Adams (e.g. Townsend
et al., 2019), Laguna del Maule (e.g. Le Mével et al., 2016) and Campi Flegrei (e.g. Forni et al.,
2018). The magma supply (e.g. the volume of magma added to a magma chamber), the
mechanical properties of the crust (e.g. viscosity and cooling timescale) and the tectonic regime
(e.g. extension and compression) are key parameters controlling the eruption frequency, is can be
inferred from numerical models for short-lived volcanic centres (e.g. Jellinek and DePaolo,
2003; Degruyter and Huber, 2014; Caricchi et al., 2014 and Townsend et al., 2019). So far, it has
been difficult to test such models against natural examples with longer lifetimes as accurate and
abundant chronostratigraphic data that can be directly linked to the volcanological and
geochemical properties of the erupted products often is lacking.

Here we focus on the Milos Volcanic Field (MVF), a felsic center in the South Aegean
Volcanic Arc (SAVA) that has been active for the last 3.3 Ma (e.g. Zhou et al., 2020). This
relatively long history of the MVF makes it an excellent natural laboratory to study the eruption
frequencies of long-lived felsic systems without large caldera-forming eruptions. We try to
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explain: (1) temporal changes in the eruption frequency of the MVF; (2) what factors control the
eruption frequency, and (3) why periods of volcanic activity alternate with longer periods of
volcanic quiescence. We base our study on eruption ages and major element data for most of the
major volcanic units of Milos island published by Fytikas et al. (1986), Stewart et al. (2006) and
Zhou et al. (2020). We integrate these data to validate two numerical models to better understand
the variations in magma supply in terms of flux, injection frequency, and magma chamber
growth rate and we correlate these parameters with changes in the regional tectonic stress field
during the late Neogene.

2 Geological Background

Milos is a volcanic island in the western part of the SAVA, an arc that is located in the
eastern Mediterranean as a result of subduction of oceanic crust belonging to the African plate
beneath the Aegean microplate (e.g. Nicholls, 1971; Rontogianni et al., 2011). The westward
motion of Anatolia in the northern Aegean in combination with the rollback of the African plate
resulted in a mainly extension controlled setting with clockwise and counter clockwise rotation
of blocks east and west of the Mid-Cycladic Lineament (Fig.1a; e.g. Walcott and White, 1998,
Papazachos, 2019).

The Pliocene andesite-dacite volcanism of the western SAVA volcanic fields (VF),
Sousaki, Aegina-Poros-Methana, and Milos are all located in basins that are predominantly
associated with N-S and/or E-W trending faults (e.g. Saronikos gulf and Matoon basin, Fig.1a;
e.g. Pe-Piper and Piper, 2005b, 2007, 2013). During the early-mid Pleistocene, the E-W faults
continued to be active in the Methana volcanic field. However, NE-SW trending strike-slip faults
that controlled the formation of the basaltic-rhyolitic lava and voluminous pyroclastics of the
Santorini and Milos VF developed in the eastern and central parts of the SAVA (e.g. Pe-Piper
and Piper, 2005a; Pe-Piper et al., 2005b). In the mid-late Pleistocene, motion along N or NNW
trending normal faults occurs widespread in the western part and ENE-trending motion in the
eastern part of SAVA. These normal faults are the result of regional extension that is visible near
the island of Santorini as rapid basin subsidence (e.g. Druitt et al., 1999) and on the island of
Milos as horst - graben structures (Figure 1b, Papanikolaou et al., 1993).

The MVF volcanic units are exposed on the islands of the Milos archipelago: Milos,
Antimilos, Kimolos, and Polyegos. Our study focussed on the largest island of this archipelago,
Milos. The MVF is underlain by metamorphic basement rocks on which Neogene fossiliferous
marine sediments were deposited (e.g. Van Hinsbergen et al., 2004). During the last 3.3 Ma at
least 20 discrete submarine and subaerial eruptions and intrusions constructed the MVF (e.g.
Fytikas et al., 1986). The geology, geochronology, and geochemistry of the MVF volcanic units
have been described in previous studies (e.g. Fytikas et al., 1986; Stewart and McPhie, 2006; and
most recently Zhou et al., 2020). The volcanic history of the MVF can be divided into three
periods, each of which is characterized by differences in eruptive flux (Fig. 2; Zhou et al., 2020):
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Figure 1. (a) Map of the South Aegean Volcanic Arc (SAVA) with major faults and active
volcanic fields (VF). Black arrow represents the GPS-determined plate velocity from Doglioni et
al. (2002). The Mid-Cycladic lineament (red-dashed line) separates the clockwise (west) and
counter-clockwise (east) paleomagnetic rotations (two red arrows), based on Pe-Piper and Piper
(2005a, 2013) and Papazachos (2019). (b) Simplified geological map of Milos with ages of key
volcanic centres (after Zhou et al., 2020). Ages are from: 1= Angelier et al. (1977), 2=Fytikas et
al. (1986), 3=Stewart and McPhie (2006), 4=Zhou et al., (2020). The descriptions of different
proximal, medial and distal volcanic facies of Milos are according to Stewart and McPhie
(2006).

(1) Period I (~3.34-2.13 Ma) has a relatively low long term volumetric volcanic output
rate (Qe=0.4-1.4x10-5 km*-yr"). The volcanic output is mainly from the Profitis Illias and
Filakopi felsic cryptodome-pumice cone volcanoes in the SW and NE of Milos, respectively.
These two volcanoes produced dacitic-rhyolitic pumice breccia in a submarine environment. The
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Mavros Kavos and Mavro Vouni andesitic and dacitic lava domes are from the SW of Milos,
which were also formed in the submarine environment. These two domes only contribute minor
volcanic units in volume to the MVF. The volume of basaltic-andesitic to dacitic intrusions
during this period was limited.
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Figure 2. Three periods of different flux of Milos with published age data (modified from Zhou
et al., 2020). The left panel represents the major volcanic units of Milos, separated into 4 areas of
Milos (NW, NE, SE and SW). Symbol colours: blue=basaltic-andesite or andesite, green=dacite,
red=rhyolite. Other abbreviations: NS=Neogene sediments; MB=Metamorphic basement. The
start of volcanism (3.34-3.54 Ma) on Milos and the age of the basement underneath Kimolos are
not well constrained and indicated with question mark. Other islands in the middle panel
represent the islands of Polyegos and Antimilos The Period III of low and high frequency is
based on changes in the eruption frequency (details in section 4.2).

(2) Period II (2.13-1.48 Ma) is characterised by a relatively high Qe (0.4-1.4%10-5
km®-yr"). The lava dome, Triades, and felsic cone volcanoes, Bombarda and Dhemenghaki,
contributed substantial amounts of volcanic products to the MVF in volume of DRE (Dense rock
equivalent volumes). They were formed in the submarine environment. Their volcanic products
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are dacitic-rhyolitic in composition and widely deposited on the north-western, northern and
eastern parts of Milos. Two submarine-to-subaerial andesitic-dacitic lava domes, Kantaro and
Korakia, only produced in volume minor amounts of volcanic that were mainly products
deposited in the northwest and northeast of Milos, respectively.

(3) Period III (1.48-0.06 Ma) has the smallest Qe (0.2-0.3x10-5 km*-yr") compared with
the earlier periods of the Milos volcanic history. The volcanic centres, that contributed limited
volumetric products, are described as subaerial dacitic-rhyolitic volcanoes (Halepa and Plakes)
and rhyolitic tuff cones (Trachilas and Fyriplaka complexes in the northern and southern parts of
Milos) are concentrated along the horst - graben structure found on Milos island.

3 Methods

3.1 Numerical models applied for eruption frequencies

In the last 20 years, three types of models that attempt to link the eruption size, eruption
frequency, and magma chamber growth have been published. The first model (Jellinek and
DePaolo 2003), the JDP03 model, tries to explain how large volumes of magma can accumulate
in the upper crust over time intervals in the range of 10°-10° years. According to JDP03 model,
the viscoelastic behaviour of a magma chamber wall prevents over-pressurisation of the magma
and therefore eruption. As a consequence, the timescale for chamber pressurisation in the elastic
regime is dependent on the size of the magma chamber. The recurrence interval between
eruptions in JDP03 model is also correlated with the magma chamber volume, e.g. small magma
chambers result in many small eruptions (<100 km®) whereas large magma chambers result in a
few large eruptions (>100 km?). Jellinek and DePaolo (2003) suggest that the long-term average
flux of magma from depth (=Q,,) and magma chamber volume are the main parameters that
determine the eruption frequency. De Saint Blanquat et al. (2011), using a similar model,
observed a positive correlation between the volume of a pluton and duration of pluton
construction, which they attributed to the magma intrusion rate (=Q.,).

Caricchi et al. (2014, hereafter referred to as C14) developed a numerical model that uses
Monte Carlo simulations to test which variables control the recurrence rate of eruptions with
different magnitudes. The C14 model randomly varies the following input parameters: 1.) the
long-term average magma supply rate (Q,), 2.) the magma flux during a single injection (Qins),
3.) the viscosity of the crust (1), the overpressure for an eruption (APcrit), the diameter of the
single magma pulses (d) and 4.) the aspect ratio of these single pulses (d/h). The C14 model
predicts that large eruptions (>50 km?) that occur after more than ~0.2 Ma of quiescence are
controlled by buoyancy and that smaller, more frequent eruptions (<10 km?) are controlled by
overpressure in a magma chamber. The C14 model results compare well with 24 historical
caldera-forming eruptions with caldera diameters of 1-100 km. The outcome of their simulations
suggests that Q,, determines the volume of a single eruption and, t;, the time interval between
magma injections into the subvolcanic reservoir determines the duration of the magmatic
activity, identifying t; as important for understanding the eruption frequency of a volcanic
system.

The third model was originally developed by Degruyter and Huber (2014). This model
was further refined in subsequent papers by Townsend et al. (2019) and Huber et al. (2019). We
will refer to this group of models as the DHT14&19 model. DHT14&19 model is a numerical
thermomechanical model that incorporates the volatile exsolution as an important parameter for
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the pressurisation of magma chambers. Degruyter and Huber (2014) provided expressions for
timescales of magma injection, cooling, and viscous relaxation of the surrounding crust in their
equations 33-35 and eruption frequency in their equations 43-45. A thermomechanical algorithm
developed in DHT14&19 model shows how the eruption frequency is controlled by different
trigger mechanisms (second boiling, magma injection, and buoyancy). It also describes the
relations between magma chamber growth rate (Gi.), Qa, magma compressibility, eruption
frequency, and eruption size. The results of the DHT14&19 model display a good match to the
eruption frequency and chamber growth rates of volcanoes in Chile, Italy, Japan, and Greece.

All three models assume that an eruption starts as a dike propagates from the magma
chamber to the surface. Heated magma needs to stay below a certain volume fraction of crystals
(<0.5) and reach a critical overpressure to erupt, otherwise it will stall in the crust and form a
pluton (e.g. Champallier et al., 2008 and Degruyter and Huber, 2014). This overpressure can be
caused by the injection of new magma into the magma chamber, crystallisation-induced
exsolution of volatiles, and the influence of buoyancy (e.g. Jellinek and DePaolo, 2003; Fowler
and Spera, 2010; Malfait et al., 2014; Caricchi et al., 2014). The JDP03 and DHT14&19 models
are based on a spherical magma chamber with a constant Q,, at a specified temperature and
initial dissolved water content (commonly set at ~5 wt.%). The JDP03 model mainly studies the
large silicic magma chambers assuming an eruption volume of >100 km’, which are much larger
than most of those assumed for the MVF (Zhou et al., 2020). Therefore, the JDP03 model was
not used in this study. The DHT14&19 model focuses on the magma chamber growth during
inter-caldera periods in the range of 10-100s ka, and is therefore suitable for short-term
fluctuations in the eruption frequency. The C14 model considers a cylindrical shape of the
magma chamber and the formation of sills over time instead of a simple sphere. The Q,, and the
size of the magma chamber in the C14 model are variable within a general range of thermal
conditions in the magma reservoir (Caricchi et al., 2014). These settings make the C14 model
appropriate for long-term volcanic activity (>1 Ma) but increase the uncertainties on the scales of
interest for the case of the MVF. In addition, the C14 model is designed for understanding global
scale volcanism and neglects the effects of magma on the thermal and mechanical properties of
the magma chamber and surrounding crust (i.e. collapse of the reservoir roof and rheological
properties of magma itself).

Thus, a combination of the C14 and DHT14&19 models enables us to better constrain the
changes of Q,,, t;, and the magma chamber growth rate (G.) over timescales appropriate for the
MVEF. The C14 and DHT14&19 models both consider overpressure and buoyancy as triggers for
eruptions. Note that dikes can also propagate from the magma chamber by other external factors,
such as crustal extension (Catalano et al., 2014), roof failure (Gregg et al., 2012) and seismic
events (Gottsmann et al., 2009).

3.2 Numerical modeling of the MVF as a long-lived volcanic filed

We selected the C14 model as a starting point to explain the eruption frequency of the
MVEF. In this model, we can adjust the variables Q.,, injection pulse diameter (d), and magma
chamber shape. This is important because the MVF experienced three periods of different
eruptive flux during its long volcanic history, and each of these periods produced variable
eruption volumes with different eruption frequencies (Zhou et al., 2020). For example, at least 10
eruptions occurred during 2.1-1.5 Ma contributing ~40% of the total volume to the MVF,
whereas between 1.5 and 0.6 Ma only two eruptions from Halepa and Plakes lava domes added
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<2% by volume. Therefore, we expect that the Q,, and d may have varied significantly during the
volcanic history of the MVF. We changed the d between 0.1 and 10 km compared to 1-100 km in
the C14 model. This diameter range is smaller due to the small eruption volumes of Milos (<10
km® in DRE) than for the large eruption volumes studied by Caricchi et al. (2014). The Q,, of the
C14 model varies from 0.00001 to 0.1 km*-yr', comparable to the mass inflow rates of
Degruyter and Huber (2014) and Townsend et al. (2019). In addition, the APcrit is set between
10-20 MPa, comparable to the values in the C14 and DHT14&19 models. The viscosity of the
crust (Nes) Wwas modelled with 10" - 10%° Pa. s to fit the felsic magmatic settings of the MVF
(e.g. Jellinek and DePaolo, 2003 and Townsend et al., 2019). The t; varies from 100 to 2500 yr
with a step size of 0.1 yr (Table 1). In this C14 model with modified ranges for the input
parameters, one million random and simultaneous runs result in a robust constraint on the values
of Q, and t; for the MVF that allows us to study the thermal evolution of the crust underneath
Milos.

Table 1
Parameters used in the C14 and DHT14&19 models

Input variables for the Monte Carlo simulations (C14 model)

Range of value

Q.,: Average flux of magma from depth (km*-yr)

Qinse: The magma flux during a single injection magma (km?-yr)
Nerust: The viscosity of crust (Pa.s)

Dinagma: The density of the magma (kg'm™)

D.rust: The density of the crust (kg-m™)

AP.i: The critical overpressure required for eruption (MPa)
Vui: The volume of cylindrical pulse (km?)

d: The diameter of each pulse (km)

d/h: The aspect ratio of a single pulse

Maximum possible thickness of accumulated magma (km)
t;: the time interval between magma injection (yr)

0.00001-0.1
0.0001-1
1018_ 1 020
2300-2700
2700-2800
10-20
0.001-8
0.1-10
100
20
100-2500

Input variables for the DHT14&19 model

Related equation

pP: the density of magma

V (Vyes): the volume of the magma chamber (km?)

M;n: the rate of magma supplying in mass

K: thermal diffusivity of crust

Ti: the time scale of magma injecting into magma chamber

T oo the time scale of magma cooling in magma chamber

T the time scale for viscous relaxation of the surrounding crust

trs: the time elapsed after a reservoir of material above its solidus temperature starts to

accumulate magma

10°m? s
Tin=PV/Mir=V/Q.y
T.oo=RY K
~16ka or ~160ka

tres:Vres/ Qav

Note. Tin, Teool aNd Treixare from DHT14&19 model, their equations 33-35 (Degruyter and Huber, 2014) and
the Townsend et al. (2019) equations 1-3 (Townsend et al., 2019); V. and t.;are from the C14 model (Caricchi

etal., 2014).

Caricchi et al. (2014) defined the duration of a magmatic episode as the time interval

between the first injection into a magmatic reservoir and the eruption at the surface (see their
Fig. 2). However, it is impossible to obtain the exact timing of the first injection. Therefore, we
assume that the time interval between two eruptions as the maximum duration of a magmatic
episode, in which the first injection of a new episode immediately intrudes into the magmatic
reservoir after the last eruption of the previous episode. The duration of a magmatic episode is
calculated by the difference between two adjacent “°Ar/*Ar and/or K-Ar ages of Milos. If the
eruptions occurred at the same location with overlapping “’Ar/*’Ar and/or K-Ar ages (taken into
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account the age uncertainty at 2SD) and with similar geochemical compositions (difference of
Si0, <5 wt%), we assume these eruptions belong to one eruption event. Examples are the
eruption ages of 2.36+0.02 - 2.42+0.04 Ma, 2.1040.02 - 2.13+0.02 Ma and 1.48+0.04 -
1.52+0.02 Ma in the west of Milos and of 0.011+0.04 - 0.06+0.01 Ma in the south (Fig. 1b and
Table 2). The dacite (sample G15MO0015 of Zhou et al., 2020, 3.06+0.02 Ma) of the Profitis Illias
cryptodome, basaltic andesite (sample G15M0016 of Zhou et al., 2020, 2.66+0.01 Ma) of the
dyke of Kleftiko and dacitic columnar joint (sample G15M0006, 2.62+0.04 Ma) of Kalegeros
cryptodome are intrusions, found in the southwest and northeast of Milos. Therefore, these
emplacement ages were not considered as distinct eruption events in this study. Moreover, the
eruption age of 1.95+0.45 Ma from the Adamas lava dome (Fig. 1b; sample G15M0004 of Zhou
et al., 2020), was not used to calculate the length of a magmatic episode due to its large
analytical uncertainty. The eruption age of 3.34+0.06 Ma from Kimolos (Fytikas et al., 1986)
was set as the initial point to calculate the length of the first magmatic episode (0.3=3.34-3.04
Ma) of the MVF in the C14 model. Taking these assumptions into account, there are 17
magmatic episodes (Table 2).

Caricchi et al. (2014) used results from thermal modelling of Annen (2009) to quantify
the volume of eruptible magma in the magma chamber, and considered that any parcel of magma
with less than 50 vol.% of crystals is eruptible. For the MVF, we used the erupted volumes from
Zhou et al. (2020). It is important to note that the erupted volume cannot exceed the eruptible
portion of the magma body (e.g. Annen, 2009). Blundy and Annen (2016) show that the volume
ratio of eruptible magma to magma forming plutons (VPR) is approximately 0.5 for magma
chambers smaller than 100 km®. White et al. (2006) indicated that a ratio of extrusive (erupted)
to intrusive volume is approximately 1:5 for most magmatic systems. Therefore, we assume that
the eruptible volume of magma of the MVF equals twice the erupted volume.

In the next step, we use the DHT14&19 model to constrain the G, for each magmatic
episode (20-440 ka). The duration of magma cooling (Tee.), injection (ti,), and viscous relaxation
of the surrounding crust (T.x) are required as input parameters (equations 33-35 in Degruyter
and Huber, 2014 or equations 1-3 in Townsend et al., 2019). The ratios of Teoo1 /Tin (01) and Trerax/
Tin (02) are used to constrain the Gy, for each magmatic episode. Although geomorphological data
and isotopic dating (e.g. cosmogenic 36Cl measurements, Singer et al., 2018) can directly
provide estimates of Tcool, Tin and Treax ON shorter timescales of less than 100 ka, these data are not
available and cannot easily be reconstructed for the >3 Ma MVF. Therefore, we used the C14
model to obtain estimates for these parameters.

The magma reservoir volume (V,.) of the C14 model and the magma chamber volume
(V) in DHT14&19 model are the same parameters, so we use Vres of the C14 model as an input
parameter in the DHT14&19 model. In the C14 model, Caricchi et al. (2014) defined t,. as the
elapsed time that a reservoir of solid material stays above the solidus temperature and starts to
accumulate melt, which is equal to the V.. / Q.. The tres is the approximate equivalent of 1;, in
the DHT14&19 model. Unfortunately, the related t..,; cannot be obtained from the C14 model
but is based on equation 34 of Degruyter and Huber (2014) or equation 2 of Townsend et al
(2019): Teoo is equal to the square root of the radius of the magma chamber (=Vd/2 in the C14
model) divided by a constant, the thermal diffusivity of the crust (10° m?s, Table 1). We assume
two values for T, 0f ~16 and ~160 ka. The ~16 ka is consistent with a magma chamber depth of
~7.5 km, a normal continental geothermal gradient of 30°C/km and a magma composition of
andesite-dacite with SiO, of volcanic units <72 wt.% (Table 2). The ~160 ka value for Ty is for
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Table 2
Repose time and eruption volume estimates of Milos volcanic units
Database of SiO, L SiO,wt.  Age ReTime DRE EV
wt.% and Age Sample Volcanic unit Petrology % (Ma) +lo (ka) +lo (k) +lo (k) +lo
G15M0008 Rhyolite 76.7 0.062  0.003
G15M0012 Fyriplaka complex Rhyolite 75.5 0.07 0.01 207 20.4 0.18 0.08 036 0.16
G15M0009 Rhyolite 76 0.11 0.02
G15M0007 Rhyolite 76.7 0.317 0.004 95 5.66 0.39 0.13 0.78 0.26
G15M0034 Trachilas complex Rhyolite 76.9 0.51 0.02 120 28.28 0.39 0.13 0.78 0.26
G15M0035 Rhyolite 78.4 0.63 0.02 340 63.25 0.39 0.13 0.78  0.26
G15M0033 Kalamos lava dome Rhyolite 76.7 0.412 0.004 98 20.4 0.39 0.13 0.78 0.26
Zhou et al. G15M0013 Halepa lava dome Rhyodacite 72.9 1.04 0.01 440 22.36 0.9 0.3 1.8 0.6
(2020) G15M0019 Dacite 64.3 1.48 0.02
G15M0020 Kontaro lava dome Dacite ) 152 0.01 110 250.8 0.82 0.6 1.64 1.2
G15M0032B Dhemeneghaki volcano Rhyolite 75.6 1.825 0.002 145 10.2 7.13 4.13 1426 8.26
G15M0021 Trachy-dacite 65 1.97 0.01 130 14.14 2.4 1.1 4.8 22
G15M0023 Triades lava dome Dacite 73 2.1 0.01
G15M0024 Rhyolite 76.6 2.13 0.01 260 14.14 24 11 4.8 22
G15M0025 Mavros Kavos lava Dacite 69.6 2.36 0.01
G15M0026 dome Dacite 69.6 2.42 0.04 300 41.23 0.96 0.4 192088
M 27 Plakes lava dome Dacite 63.7 0.97 0.06 70 60.83 0.96 0.44 1.92  0.88
Fytikas et al M103 Korakia lava dome Andesite 58.7 1.59 0.25 120 254.95 0.82 0.6 1.64 1.2
y El 35866) al M146 Bombarda volcano Rhyolite - 1.71 0.05 115 50.04 7.3 413 1426 826
Ml64 Profitis Illias volcano Rhyolite-dacite - 3.08 0.08 260 100 3.1 1.8 6.2 3.6
M135 Kimolos volcano - - 3.34 0.06 - - - - - -
Ang(elg‘;rgt al: Angelier 5 Mavro Vouni lava dome Andesite - 25 0.09 160 9849 096 044 192 0.88
Stewart and . . .
McPhic (2006) MIL365 Fylakopi volcano Rhyolite-dacite - 2.66 0.04 400 44.72 2.85 1.65 5.7 33

Note. ReTime: Repose time-- the time interval between eruptions, which is equal to maximum duration magmatic episode; DRE: Dense rock equivalent volumes

of eruption; EV: Eruptible volumes =DRE/0.5; Data of DRE is from Zhou et al. (2020).
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a shallower depth (~5 km) with a more thermal mature crust and a rhyolitic magma composition
(>72 wt.%) (Karlstrom et al., 2010; Townsend et al., 2019).

In order to validate the outcomes of both the C14 and DHT14&19 models for estimating
the Teoo and T, for the MVF, we compared the C14 and DHT14&19 models for the Laguna del
Maule (LdM), Campi Flegrei (CF), Aso, and Santorini volcanic fields. Townsend et al. (2019)
provides the estimates of T, and T, for these volcanic fields. In the C14 model we used the data
of the eruption ages and volumes of Smith et al. (2011), Crosweller et al. (2012), Parks et al.
(2012), and Singer et al. (2014), which are also used by Townsend et al. (2019). We used the
same approach to calculate the duration of magmatic episodes and eruptible volumes of the
LdM, CF, Aso, and Santorini volcanic fields as used for the MVF and converted their eruption
volumes into DRE (Appendix). The eruptible volumes of the large eruptions of Santorini
(Minoan and Cape Riva) are considered to be the same as the erupted volumes (~82 and ~15 km’
in DRE). The CF Epoch 1 is set as the starting point to calculate the first magmatic episode of
CF and hence is not included in the estimates of the C14 model. The magma of both the C14 and
DHT14&19 models is set to contain 5 wt.% H,O.

In addition, the G,,. based on the C14 model for the Santorini is calculated to compare the
results with those of the DHT14&19 model to test the accuracy of our method by comparing our
model results with those of previous studies (e.g. Degruyter et al., 2016; Townsend et al., 2019,
2020). Townsend et al. (2019) estimated the Q,, and G,,. of Santorini in pre- and post-Minoan
periods spanning from Cape Riva (~0.021 Ma) to recent eruptions. We extended the pre-Minoan
to the Cape Therma 1 (~0.36 Ma) to include most of the major explosive eruptions. The SiO,
contents of the Santorini volcanic units are collected from Druitt et al. (1999). The data of DRE
volume and the maximum duration for the Santorini volcanic episodes were calculated from
Crosweller et al. (2012).

4 Results

4.1 Accuracy of the C14 model for estimates of T ool, Tin, aNd Gine

The output of the C14 model provides constraints on the V,.;and Q,, of the LdM, CF,
Aso, and Santorini volcanic fields. The comparison between the estimates of the C14 (.., and
Teool ca) aNd the DHT14&19 (ti, and t.01) models is shown in Figure 3. The error bars of .., and
Ti» are not given because Townsend et al. (2019) did not provide those.

There is a good match between tres and t;, for magmatic systems with short timescales
(<10 ka) of magma injection and small eruptions Aso, CF Epoch 2+3, and Santorini post-Minoan
(Fig. 3a). In magmatic systems with relatively long timescales (>10 ka) of magma injection and
caldera-forming eruptions (Santorini pre-Minoan and LdM EPG), the tres based on the C14
model does not overlap with the 1, of the DHT14&19 model. However, this method is still
suitable to estimate T;, for the MVF because the C14 model with modified input parameters
(section 3.2) is designed for small eruptions (<10 km® in DRE). In Figure 3b, the Tcool cal O the
C14 model is comparable to the T, from the DHT14&19 model for both small and large
eruptions.

11
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Figure 3. (a) Comparison of the t,, from C14 and the T, from the DHT14&19 models. The t,., is equal

to the magma chamber volume (the reservoir volume—V . in C14 model) divided by magma supply rate
(average flux of magma from depth, Q,,). (b) Comparison of tcool calc and tcool. The tcool is derived
from DHT14&19 model, whereas the tcool calc is equal to the square of the radius of a magma chamber
(=d/2 in C14 model) divided by the thermal diffusivity of crust (10-6 m2/s). The tcool and t;, represent
the timescales for magma cooling and injection in DHT14&19 model. The error bars of Tcool and T,
from the DHT14&19 model are not given since uncertainties were not given by Townsend et al. (2019).
Abbreviations: LdM Holocene=Laguna del Maule Holocene; LdAM-EPG=Laguna del Maule Early-Post-
Glacial period; CF2=Campi Flegrei Epoch 2 and CF3= Campi Flegrei Epoch 3.

4.2 Geological constraints for Milos and Santorini and their implications for the models

The age distribution of the volcanic units of Milos indicates that the eruption frequency
varied during its volcanic history (Fig. 2). Based on the variations in whole-rock SiO, content
and the duration of magmatic episodes, we have further divided the volcanic history of Milos
into four periods (Fig. 4a). The first two periods are consistent with the Period I and IT of Zhou et
al. (2020) which are also referred to as Period I and II in this study. We only further divided the
Period IIT of Zhou et al. (2020) into two periods based on their different eruption frequency
(Period IIT with low and high frequency). The Period I (~3.3 to 2.13 Ma; Zhou et al., 2020) is

12



AGU journal

60
(a) Period 111 | Period 111

Peried 1 Period 11 |, 0 frequency high
frequencyd s
L——

{(b) Pre-Minoan period 1 Pre-Minoan period 2

Maximum Post-Minoan period 100

{ 40
80

4 30
60

1 20

() gy i padnay smnjoA sapwnmny
() AHcr ut padnag awnjoe A ansnun

2 __\-ll_nl_r'l_lu_m_ _____ 40
, : = 4 10
? _am—— I . 20
e A " s NW—=| N x ¥ ) i -
S mlla','\'t —+ W and NW W. and § (wlong |the graben)| Location Minoan Eruption .
4 6 5
. . ) — spaiter along the
& & il ® g Cape Thermal-3 (SE) — Lower Pumice 1-2 and Cape Thera caldera rim of Facation
. 5 : Santorini —
] NE {7 = +- — + = 60 =
® - —_— > L ] =
3 ese % = b F
1. «%%* Hw , , , , , , 0, £
S
45 4 35 3 25 2 15 1 05 0 0.4 035 03 025 02 015 01  0.05 0
340 Eruption Ages of Milos volcanic field (Ma) Eruption Ages of Santorini volcanic field (Ma)
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342 curves of Fig. 3a and 3b were modified based on Zhou et al. (2020) and Crosweller et al. (2012), respectively. Composition (SiO, wt.%) of the
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characterised by magmatic episodes with a long duration of >150 ka and the composition of
Period I changes from dacitic to rhyolitic (63-75 wt. % of Si0O,). The Period II (2.13-1.48 Ma;
Zhou et al., 2020) has at least five relatively short magmatic episodes (100-150 ka). The
composition of Period II units has a relatively wider range compared to that of Period I, varying
from andesitic to rhyolitic in composition (57-75 wt. % of Si0,). The Period II was followed by
only two eruptions between 1.48 and 0.60 Ma which we define here as Period III with low
frequency. During the Period III with low frequency, the magmatic episodes are very long (>300
ka) and the volcanic units became more felsic. In the last period (0.60-0.06 Ma), defined as
Period III with high frequency, the magmatic episodes are mainly shorter than 120 ka and
produced pumice with Si0, >75 wt.%. There is a risk that not all eruptions of the MVF in the
past 3.5 Ma are included and therefore model input data is not complete. All the major volcanic
units are included in this study based on the results of previous studies (e.g. Fytikas et al., 1986;
Stewart and McPhie, 2006; Zhou et al., 2020).

The pre-Minoan period of Santorini was separated into pre-Minoan periods 1 and 2 based
on the composition of volcanic products, eruption frequency, and volume (Fig. 4b). The pre-
Minoan period 1 includes the magmatic episodes of Cape Therma 1-3 (0.36-0.25 Ma), Lower
Pumice 1-2 (0.18-0.17 Ma) and Cape Thera (~0.14 Ma), which only added ~7.4 km® in DRE of
andesitic-dacitic and rhyolitic volcanic units (Druitt et al., 1999). The pre-Minoan period 2 added
a larger volume (~27 km® in DRE) to Santorini than period 1 and the composition of volcanic
units became more felsic (andesite—rhyolite) from ~0.1 to 0.021 Ma (Cape Riva). The eruptions
of the pre-Minoan period 2 occur along a pre-existing caldera rim. The last caldera-forming
eruption of Santorini, the Minoan eruption, contributed ~70% (rhyodacite) by volume (DRE)
covering most of Santorini. Since then only ~0.05 km? (DRE) of dacitic lavas were produced,
mainly on the Kameni islands (Druitt et al., 1999), which are considered to represent the post-
Minoan period.

4.3 Results of the DHT14&19 and C14 models for Milos and Santorini VF

Figure 5 shows the results of the C14 model with the input parameters tailored to the
Milos and Santorini volcanic fields. Buoyancy-driven eruptions generally have larger eruptible
magma volumes in their magma reservoirs (>10 km?) (Caricchi et al., 2014). Buoyancy did
control at least one eruption (eruptible volume >10 km’ in DRE) during the Period II of the MVF
(2.13-1.48 Ma), resulting in a V. of 0-45 km?, Q,, of 0.002-0.003 km®*.yr'! and t= 0.1-0.2 ka.
Furthermore, the G, varies between 0.001-0.0001 km*-yr' based on the DHT14&19 model. The
other eruptions of Milos are mainly triggered by magma injection. During the Period I and II of
the MVF, the long duration of magmatic episodes (>120 ka) and relatively large eruptible
volumes (1-10 km® DRE) could be triggered by either buoyancy or magma injection or both (Fig.
5). With relatively infrequent magma injections (t= 0.2-0.5 ka), the V. (<30 km®) and Q,,
(<0.003 km*-yr') of these two periods are small, but the G, (0.01-0.001 km?*-yr") is high. The
Period I with low frequency of the MVF (1.48-0.60 Ma) is characterised by a long t; (0.5-2.5
ka), low Q. (<0.001 km?*-yr"), and small V., (<20 km?). The G, of this period significantly
decreased from more than 0.001 to less than 0.0001 km’-yr'. An exception is a short (<100 ka)
magmatic episode at 0.97 Ma with G, between 0.001 and 0.01 km*-yr'. Most of the young
volcanic eruptions on Milos and Santorini are characterised by short magmatic episodes (<120
ka) and small eruptible volumes (<1 km?®, Fig. 5). The results of the C14 model show a variable
Vies (5-10 km® for the magmatic episode duration <5 ka and 30-45 km® for >5 ka), high Q.,
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(0.003-0.005 km?*-yr"), and frequent magma injection (t; = 0.1-0.2 ka) for these young volcanic
units (Figure 5b and 5c¢). However, the outcome of the DHT14&19 model shows different G
for these young units of Milos and Santorini (Fig. 6a-c). During the pre-Minoan period 1-2, the
Gne of Santorini mainly varies between 0.001 and 0.003 km®-yr' based on the C14 model,
comparable to that of the DHT14&19 model (~0.001 km*-yr"). The G, (>0.001 km*-yr") of the
young Milos volcanic units (<0.6 Ma, Fig. 6) is lower than those of the pre-Minoan period 1 and
2 of Santorini but comparable to the estimate of the post-Minoan period from Townsend et al.
(2019).
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Figure 5. Results of Monte Carlo simulations based on the C14 model (Caricchi et al., 2014)
compared to the eruptions of Milos (four periods: 3.3-2.1, 2.1-1.5, 1.5-0.6 and 0.6-0.06 Ma) and
Santorini volcanic fields (0.36-0.003 Ma). (a) C14 model with a range of 1-45 km*® magma
chamber volumes. This diagram shows that most small eruptible volumes (<10 km?) of Milos
and Santorini are triggered by magma injection, and the large ones (>10 km® in DRE) are
generated by buoyancy. (b) C14 model for different Q,,. The Q,, varies from 0.0001 to 0.005
km®-yr'. (¢) C14 model with variable time intervals between injections (t;). The t; ranges between
100 and 2500 yr with an interval of 0.1 yr. Most small volume eruptions of Milos and Santorini
can be explained with Q,,=0.001-0.003 km?*-yr" and t=100-2500 years. The larger eruptions of
Milos and Santorini are triggered by buoyancy with a relatively higher Q,, (0.002-0.005 km®-yr™)
with short t; (100-200 years). Several magmatic episodes of Milos with long duration (>300 ka;
grey circle) and small eruptible volume (<1 km® in DRE) are fed by a low flux of magma (Q,, <
0.001 km*-yr') with long t;(500-2500 years).

In Figure 5a, the buoyancy-triggered Minoan caldera-forming and the large volume Cape
Riva eruptions of Santorini cannot be modelled with the C14 model with the modified input
parameters (section 3.2) due to their very short magmatic episodes (<5 ka). However, these two
exceptions will not affect the discussion of the MVF because they are not relevant for the small-
volume eruptions. Furthermore, the estimation on Q,, of the post-Minoan period is likely
inaccurate due to the very short magmatic episode (~2 ka).

5 Discussion

5.1 The influence of ti, Q,, and Gy, on the eruption frequency

Based on the C14 and DHT14&19 models, we can distinguish variations in potential
parameters controlling the eruption frequency of the long-lived Milos volcanic field. The
potential parameters include the injection frequency (1/t;), the average long-term flux of magma
from deep (Q.,) and magma chamber growth rate (G.) (Fig. 7). The Period I, II, IIT with low and
high frequency of the Milos volcanic history have different and systematic variations in t;, Qay,
and G
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Figure 6. Magma chamber growth rates for Milos (3.3-0.97 Ma) (A-C), Milos (0.6-0.06 Ma) and
Santorini (D) for magmas with 5 wt.% water, based on the thermo-mechanical model of
Townsend et al. (2019). The T, is set as two constants, 16 ka as in Townsend et al. (2019)
which is appropriate for a chamber at ~7.5 km depth with a normal geothermal gradient (30
°C/km), and 160 ka corresponding to a shallow depth (~5 km) with more thermal mature crust
(Townsend et al., 2019). Data sources for Santorini are obtained from the model results of Figure
4. See Appendix I for details.

During the Period I (~3.3-2.1 Ma) the SiO, content of the MVF volcanic products are
more variable (andesite-rhyolite) before 2.7 Ma and dacitic after 2.7 Ma (Fig. 4a). The relatively
high Q,, (>0.001 km®.yr") and moderate t; (0.2-0.5 ka) correspond to a relatively high Gy,
(>0.001 km®-yr™"). These characteristics could keep the magma molten and eruptible during the
Period I even though the eruption frequency is low (>200 ka). Magmas were probably stored in
upper crustal reservoirs where they could fractionate to more felsic compositions and increase
the timescale for viscous relaxation of the surrounding crust (T.) up to ~160 ka (see section
3.2). The increased T..x leads to a decrease in Gy (0.0001-0.0003 km*-yr') at the end of the
Period I (Fig. 7c¢).

The Period II (2.13-1.48 Ma) consists of relatively more frequent eruptions (<160 ka) and
has similar estimates for Q,, ti, and Gy, as obtained for the first period. However, two magmatic
episodes (1.6-1.5 Ma and 1.97 Ma) of the Period II show higher Q,, (>0.002 km*-yr"), more
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frequent injection (t<0.2 ka) and lower Gp. (0.0001-0.0003 km?’-yr'). These two episodes
produced rhyolitic volcanic units in the north-eastern part of Milos. The high viscosity of the
surrounding crust could have resulted in a decrease of the Gy,.

The Period III with low frequency (1.48 to 0.60 Ma) is characterised by a significantly
lower Q,, (<0.001 km? yr"), Gy (<0.0001 km*-yr"), and long t; (>0.5 ka), that corresponds to the
low eruption frequency (>350 ka at average) during this period. These parameters resulted in a
small heat flux from deep (e.g. hot-zone, Annen et al., 2006) that was probably too low to cause
fast accumulation of eruptible magma (e.g. Caricchi et al., 2014). Therefore, during a ~1 Ma
period with low eruption frequency the magma chamber grew slowly (Fig. 6¢) and plutons
probably formed in the crust underneath Milos.

During the Period III with high frequency (0.60 Ma-present), there are sudden increases
in Q, (>0.001 km*-yr") and injection frequency (1/t; >2 ka™). These abrupt changes resulted in
several small-volume eruptions (eruptible volume <1 km?) until 0.3 Ma. Between 0.30-0.06 Ma,
the Q,, and t; have similar characteristics to those of the Period III with low frequency after a
relatively long period of quiescence (~200 ka). All volcanic units of 0.60-0.06 Ma are composed
of rhyolitic pumice and lava. The Gy, of this period is not higher than 0.0001 km*-yr" due to the
long T..x, similar to the other magmatic episodes that produced rhyolites. The t; of 0.6-0.3 Ma of
the MVF is comparable to the pre-Minoan period 1-2 (0.36-0.021 Ma) of Santorini, whereas the
Q.. and G, are lower than those of the pre-Minoan period 1-2. The relatively mafic eruptible
magma of the pre-Minoan period 1-2 and high Q,, probably resulted in the very high G, (>0.002
km?*-yr"), which could provide conditions for the Minoan caldera-forming eruption.

5.2 Variable t;, Q,, and G, as indicators for changes in tectonic stress

Three time slots are separating the Milos volcanic history (2.0-1.9 Ma, 1.5-1.4 Ma, and
0.6-0.5 Ma), that overlap with abrupt changes in t;, Q,,, and G.,.. An external trigger, such as
changes in the regional tectonic stress field (e.g. Jellinek and DePaolo, 2003; Caricchi et al.,
2014), could have caused the abrupt changes in these parameters. There were four major changes
in the regional stress field (Fig. 7d) during the development of the Milos VF. Van Hinsbergen et
al. (2004) found that marine sediments underlying the volcanic units of Milos record up to 900 m
of subsidence between 5.0-4.4 Ma, approximately 1.5 Ma before the first volcanic eruptions
occurred in the MVF (~3.3 Ma). They interpreted this subsidence as evidence for the start of
(regional) extension. Armijo et al. (1992) inferred that the change in direction of the major
extensional faults from N-S to E-W in the late Pliocene (~2-4 Ma) resulted from the collision
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Figure 7. (a) The variation of t; (time interval between magma injections) versus the eruption age
for volcanic units of the Milos and Santorini volcanic fields. (b) The variation of Q,, (the average
long-term flux of magma from deep) versus eruption ages for volcanic units of Milos and
Santorini volcanic fields. (¢) The variation of G,,. (magma chamber growth rate) versus eruption
ages for volcanic units of Milos and Santorini volcanic fields. (d) Tectonic stress field in the
SAVA during the last 5 Ma (Armijo et al., 1992; Duermeijer et al., 2000; Piper and Perissoratis,
2003; Van Hinsbergen et al., 2004). The error bars for the data of the Santorini volcanic field are
larger than the scale of the figure and are provided in the Appendix. The variables t;, Q,, and Gy,
of the Milos volcanic field between 3.5 and 3.34 Ma are unknown and indicated with a question
mark. During periods of extension the injection frequency (1/t;), Q.. and G, are larger than in
the periods of rotation (and compression). See text for further discussions.

between the Aegean plate and the northern margin of Africa. The periods of the tectonic stress
transitions overlap with rapid changes in our estimates of Q,, t; and G, at ~2.0 Ma when felsic
volcanic units were formed in the MVF (Fig. 7). It is conceivable that during (regional)
extension, it became easier for viscous felsic melts to ascend to the surface, which may have
resulted in higher magma fluxes, chamber growth rates, and more frequent injections.
Duermeijer et al. (2000) suggested that during the Pleistocene (at least younger than ~1.8 Ma)
both clockwise and anticlockwise rotations of the old western and young eastern SAVA
occurred, respectively. Milos is located on or close to the Mid Cycladic lineament, a zone
separating these two rotating blocks (Fig. 1). Therefore, the area of Milos could have
experienced a compressional stress field due to rotations of crustal blocks north-west and south-
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east of the Mid-Cycladic lineament during the Pleistocene. Compression may have suppressed
the magma flux and injection frequency of Milos magmatic system since 1.5 Ma (Fig. 7). This in
turn may have caused the low G, between 1.55 and 0.59 Ma, except for the magmatic episode
of <100 ka which could have been triggered by a fault activated by rotation (e.g. Jellinek and
DePaolo, 2003). Piper and Perissoratis (2003) suggested that the Aegean region experienced a
change in the tectonic stress field around 0.7 + 0.2 Ma when predominantly E-W faults were

superseded by N-S faults. During the third extension (0.9-0.5 Ma) the magma flux, frequency of
magma injection, and chamber growth rate increased again (Fig. 7). The regional change in the
tectonic stress field, compression-extension, could also have been a factor for the caldera-
forming eruptions of Santorini. Differences in the local tectonic stress fields may have caused
more frequent injections and a higher chamber growth rate at Santorini than at the MVF (Fig. 7).

Pe-Piper and Piper (2013) found a similar change in tectonic stress field for the Methana
volcanic field (Fig. 1a). Volcanism on Methana started at ~3 Ma during a phase of regional E-W
extension. Extension occurred again around ~2.1 Ma as the NE-SW strike-slip faults began to
form that could have resulted in the formation of calderas (e.g. Pe-Piper and Piper, 2013). The
last phase of extension on Methana started at ~0.4 Ma when the E-W faults were active near the
Methana and Milos volcanic fields. In addition, Elburg et al. (2018) suggested a period of
compression for Methana between 3.5 and 1.4 Ma, overlapping with the timing inferred from
this study (~1.55 Ma).

6 Conclusions

(1) The ~3.3 Ma volcanic history of Milos can be subdivided into four periods
(Period I, II, IIT with low and high eruption frequency) based on the frequency of eruptions
and major element composition of the eruption products. We applied two numerical models,
one of Caricchi et al. (2014) (C14) and the other from Degruyter and Huber (2014) and
Townsend et al. (2019) (DHT14&19) The C14 model is used to investigate which parameters
might be responsible for the alternation of periods with eruptions versus periods of
quiescence. The DHT14&19 model provides tools to relate the eruption frequency to the
magma chamber growth of the individual magmatic episodes. The results of both models
suggest that a high magma flux (Q,>0.001 km*-yr™"), and frequent injections (t<0.5 ka) result
in a high rate of magma chamber growth (>0.001 km*-yr") and frequent eruptions on Milos
and Santorini. On the other hand, a low Q,, (<0.001 km?yr"), infrequent injections (t>1.0
ka), and high viscosity of the surrounding crust do not result in fast magma chamber growth
and frequent eruptions.

(2) We suggest that a change in tectonic stress field in the SAVA between 2-4 Ma
and 0.9-0.5 Ma from compression to extension opened channels in the crust that enabled a
higher magma flux and more frequent injections at ~2.1 Ma and ~0.6 Ma. The clockwise and
anticlockwise rotations of crustal blocks near Milos between 1.5-~0.6 Ma). co resulted
locally in a compressional stress field that inhibited magmas from rising to the surface,
resulting in the formation of plutons.

(3) Based on our two models using rock major element chemistry and
geochronological data, we propose that the abrupt changes in Q,, t;, and G, can best be
explained by changes in the tectonic stress field.
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