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Abstract The volcanic island of Milos, Greece, com-
prises an Upper Pliocene –Pleistocene, thick (up to 700 m),
compositionally and texturally diverse succession of calc-
alkaline, volcanic, and sedimentary rocks that record a
transition from a relatively shallow but dominantly below-
wave-base submarine setting to a subaerial one. The vol-
canic activity began at 2.66±0.07 Ma and has been more
or less continuous since then. Subaerial emergence prob-
ably occurred at 1.44±0.08 Ma, in response to a com-
bination of volcanic constructional processes and fault-
controlled volcano-tectonic uplift. The architecture of the
dominantly felsic-intermediate volcanic succession reflects
contrasts in eruption style, proximity to source, deposi-
tional environment and emplacement processes. The jux-
taposition of submarine and subaerial facies indicates that
for part of the volcanic history, below-wave base to above-
wave base, and shoaling to subaerial depositional environ-
ments coexisted in most areas. The volcanic facies architec-
ture comprises interfingering proximal (near vent), medial
and distal facies associations related to five main volcano
types: (1) submarine felsic cryptodome-pumice cone vol-
canoes; (2) submarine dacitic and andesitic lava domes;
(3) submarine-to-subaerial scoria cones; (4) submarine-to-
subaerial dacitic and andesitic lava domes and (5) sub-
aerial lava-pumice cone volcanoes. The volcanic facies are
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interbedded with a sedimentary facies association compris-
ing sandstone and/or fossiliferous mudstone mainly derived
from erosion of pre-existing volcanic deposits. The main
facies associations are interpreted to have conformable, dis-
conformable, and interfingering contacts, and there are no
mappable angular unconformities or disconformities within
the volcanic succession.

Keywords Volcanic facies architecture . Shallow marine
volcanism . Felsic dome-cryptodome-pumice cone
volcanoes . Southern Aegean Volcanic Arc . SHRIMP .
Geochronology

Introduction

Less research has been carried out on felsic volcanic islands
or seamounts than on their mafic counterparts, despite their
abundance in modern oceans and in ancient volcanic suc-
cessions. The growth and development of submarine felsic
volcanoes are difficult to observe, and there are few records
of eruptions (e.g. 1953–1957 Tuluman eruption, Reynolds
et al. 1980; 1952–1953 Myojinsho eruption, Fiske et al.
1998). Volcanological studies rely on data from modern
oceanographic submersible surveys (e.g. Yuasa 1995; Fiske
et al. 2001), bathymetric surveys (e.g. Yamamoto et al.
1991; Yuasa et al. 1991; Fiske et al. 2001) and dredge sam-
pling (e.g. Kato 1987; Wright and Gamble 1999; Wright
et al. 2003), and from ancient successions that have been
uplifted to subaerial settings (e.g. Fiske and Matsuda 1964;
Pichler 1965; de Rosen-Spence et al. 1980; Allen 1992;
McPhie and Allen 1992; Kerr and Gibson 1993; Sohn
1995; Allen et al. 1996; Brown et al. 2002). Felsic volcanic
successions that preserve complete submarine-to-subaerial
transitions, and in which depositional settings are well con-
strained, are uncommon. Hence, knowledge of the volcanic
facies associations and the eruption styles that generate
them, and of the evolution of felsic volcanic islands, is
limited. Understanding these complex felsic submarine-to-
subaerial successions is important because they may host
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substantial precious and base metal ore deposits (e.g. Eskay
Creek, Roth et al. 1999; Boliden, Allen et al. 1996; Horne,
Kerr and Gibson 1993; Lerokis and Kali Kuning, Sewell
and Wheatley 1994).

Here we examine the submarine-to-subaerial, dominantly
felsic volcanic succession of Milos, Greece. This paper
describes and interprets the volcanic geology of Milos,
presenting new information on the character and geom-
etry of volcanic facies associations, types of volcanoes
and locations and depositional settings of volcanic centres.
We review existing geochronological data, and, together
with new U-Pb in zircon dates, present a time-stratigraphic
framework for the evolution of Milos.

Regional geology of Milos

The small archipelago of Milos is situated in the central
part of the modern Southern Aegean Volcanic Arc (SAVA;
Fig. 1). These volcanic islands lie in an area of complex ex-
tensional and subduction-related tectonics (Jackson 1994).
The SAVA is the surface expression of active, northward
subduction of the African plate beneath the Aegean mi-
croplate. The arc is no more than 20 km wide, and stretches
from Crommyonia in the west, through Methana, Aegina,
Milos, Santorini, to Nisyros and Kos in the east (Fig. 1;
Innocenti et al. 1979; Fytikas et al. 1984). Arc volcanism
began at the end of the Early Pliocene (McKenzie 1978 Pe-
Piper et al. 1983; Fytikas et al. 1984; Mercier et al. 1989).
Methana, Milos, Santorini and Nisyros have each had his-
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Fig. 1 Simplified regional geotectonic map of the eastern Mediter-
ranean, based on Jackson (1994). The volcanic centres of Southern
Aegean Volcanic Arc (SAVA; in black) extend from Crommyonia in
the west to the islands of Kos and Nisyros in the east. The Hellenic,
Ionian, Pliny and Strabo trenches mark the subduction zone between
the African Plate and the Aegean Microplate

toric eruptions and are best considered dormant (Keller
et al. 1990).

The arc volcanoes lie above a Benioff Zone at 130–
150 km depth, and are about 200 km from the Hellenic
Trench (Dewey and Sengör 1979; Keller 1982). Fault-plane
solutions for earthquakes along the arc are normal in char-
acter (McKenzie 1978; Jackson 1994). Therefore, despite
the compressive stress regime associated with subduction,
the arc has developed in an extensional environment.

Milos island is the largest of four islands in the Milos
archipelago. The neighbouring islands of Kimolos and
Polyegos composed of submarine and subaerial, calc-
alkaline volcanic and submarine sedimentary rocks that are
broadly similar to those on Milos (Fytikas et al. 1986). The
volcanic rocks are predominantly rhyolite and dacite, with
subordinate andesite and basaltic andesite (Fytikas et al.
1986). The island of Antimilos is dominated by dacitic and
andesitic lavas, and minor pyroclastic units, and is thought
to represent the uppermost part of a polygenetic composite
volcano (Fytikas et al. 1986).

Stratigraphic framework of Milos

The Milos volcanic succession occupies approximately
151 km2 and has a maximum thickness of 700 m (Fig. 2;
Fytikas and Marinelli 1976). The succession is composed
of calc-alkaline volcanic and sedimentary rocks (Fytikas
et al. 1986). The volcanic rocks predominantly have rhy-
olitic and dacitic compositions; andesitic compositions are
subordinate (Fig. 3; Fytikas et al. 1986). The stratigra-
phy exposed on Milos shows an upward progression from
submarine to subaerial depositional environments (Fytikas
et al. 1986).

The volcanic succession on Milos was first described by
Sonder (1924). The most recent of several attempts (Fytikas
and Marinelli 1976; Angelier et al. 1977) at establishing the
volcanic stratigraphy on Milos was the systematic study by
Fytikas et al. (1986), based on mapping of the island at
1:25 000 scale (Fytikas et al. 1977). The informal regional
stratigraphy defined by Fytikas et al. (1986) consists of: the
Mesozoic metamorphic group, the Neogene sedimentary
group, the basal pyroclastic series (Middle–Late Pliocene),
the complex of domes and lava flows series (Late Pliocene),
the pyroclastic series and lava domes (Early Pleistocene),
the rhyolitic complex of Firiplaka and Trachilas series (Late
Pleistocene) and the products of phreatic activity (Late
Pleistocene to present).

The Mesozoic metamorphic group (Cycladic Crystalline
Complex) forms the basement to the volcanic units and
consists principally of chlorite, actinolite and glaucophane
schists and metapelites of greenschist and blueschist facies
(Fytikas and Marinelli 1976; Hoffmann and Keller 1979;
Kornprobst et al. 1979; Fytikas et al. 1986). The Neogene
sedimentary group (∼180 m thick) comprises brown to red
limestone intercalated with basement-derived conglomer-
ate, breccia and sandstone.

The basal pyroclastic series (equivalent to the ‘Old
Tuffs’ of Fytikas 1977) has a minimum stratigraphic
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Fytikas (1986).

thickness of 120 m, and dominates the southwestern
sector of Milos (Fig. 2). Fytikas et al. (1986) reported that
the succession is dominated by “submarine pyroclastic
flows, tuff pumice flows, pillow lavas and pillow breccia”.
The complex of domes and lava flows series is mainly
composed of massive and flow-banded dacite and andesite
and breccia, mostly forming domes and lavas which
are typically 100–150 m thick (Fytikas and Marinelli
1976).

The third unit (pyroclastic series and lava domes) is domi-
nated by rhyolitic lavas, domes and pumiceous volcaniclas-
tic units (Fytikas et al. 1986) that are restricted to the eastern
and northern parts of the island (Fig. 2). Fytikas et al. (1986)
divided this unit into three, loosely defined parts: the lower
pyroclastic series, lava domes and the upper Halepa and
Plakes domes. Firiplaka and Trachilas are two subaerial
rhyolitic volcanic centres at Firiplaka (Campos Venuti and
Rossi 1996) in the south and Trachilas in the north (Fig. 2).
Each volcanic centre consists of distinctive quartz–biotite–
phyric rhyolitic lava and pumiceous pyroclastic deposits
(Fytikas et al. 1986; Campos Venuti and Rossi 1996).
The youngest volcanic unit (products of phreatic activ-
ity) mainly occurs in the southeastern sector of the island
(Fig. 2; Fytikas et al. 1986). The deposits included in this
unit have lateral extents up to a few hundred metres and
have maximum thicknesses of 30 m. Quaternary sedimen-
tary units (sand, silt and minor gravel) also occur on Milos
but are typically restricted to the Zefiria plain (Fig. 2), and
relatively thin (tens of metres)(Fytikas and Marinelli 1976).
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Fig. 3 Zr/TiO2 versus Nb/Y diagram (after Winchester and Floyd
1977). The Milos volcanic rocks are andesites, dacites and rhyolites.
All the rocks are subalkaline, based on the Nb/Y ratio

Structure of Milos

The volcanic succession of Milos is only gently deformed.
Bedding in volcaniclastic and sedimentary formations
on Milos is generally flat-lying or gently dipping. The
succession is disrupted by normal faults, some of which
have displacements up to several hundred metres (Fytikas



706

Fig. 4 A Thick succession of submarine felsic pumice breccia ex-
posed in the Kleftiko Headland (pumice breccia facies association).
B Very coarse pumice clasts set in a matrix of fine (1–2 cm) pumice
clasts (stratified pumice breccia facies) at Filakopi. C Prismatic rhy-
olitic pumice clast with normal joints along the margins and in-
ternal polyhedral joints (coarse pumice breccia facies) at Filakopi.
These joint patterns probably result from quenching of hot pumice in
water

Fig. 5 Submarine sandstone and conglomerate. A Graded sand-
stone interbedded with thin (<0.5 m) intervals of polymictic breccia-
conglomerate at Sarakiniko. Note the high-angle truncation of bed-
ding (above the hammer). B Submarine graded sandstone interbedded
with redeposited hyaloclastite at Triades

et al. 1986), and by numerous syn-volcanic intrusions.
The subvertical normal faults interacted during periods
of extension to produce horsts and grabens (Fytikas and
Marinelli 1976). Three main episodes of deformation
have been recognised in the Late Pliocene – Pleistocene
(Angelier et al. 1977; Fytikas 1989).

The earliest episode of extension produced east-
northeast-striking normal faults that controlled uplift of
Mesozoic and Neogene basement in the southwest. The
faults may have controlled emplacement of dacite domes
and lavas (Fig. 2). A second episode resulted in several
northeast-striking normal faults predominantly in the cen-
tral and eastern sector of the island. These faults formed
the Zefiria Graben, and probably influenced the location
of some volcanic centres (Fytikas 1989). The final exten-
sional phase produced northwest-striking faults that define
Milos Gulf in the centre of the island (Fig. 2). The volcanic
centres of Firiplaka and Trachilas occur at either end of the
Milos Gulf graben. The central part of the island is consid-
ered structurally active (Fytikas 1989). This area includes
four young phreatic centers, active fumaroles and solfataras
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(Botz et al. 1996; Stüben and Glasby 2001) and was the fo-
cus of seismic activity in March 1922 (with focal depths
between 1 and 4 km, Papazachos 1990; Papanikolaou et al.
1993).

In places, syn-volcanic intrusions have disturbed the suc-
cession (e.g. Stewart and McPhie 2003) and locally caused
up-doming of overlying clastic units. However, this de-
formation is generally restricted to within a few hundred
metres of the margins of the intrusions.

Volcanic and sedimentary facies associations

Facies analysis

The stratigraphy proposed by Fytikas et al. (1986) provided
a very useful framework for facies analysis. However, for
much of the succession, the stratigraphic approach is inade-
quate because it masks the diversity and complexity among
the volcanic units and implies the presence of distinct map-
pable units. The entire Milos succession is mainly felsic and
there are no clear spatial or temporal trends toward more
or less mafic compositions. All parts of the succession also
include the products of both effusive (or shallow intrusive)
and explosive eruptions. The single major change shown
by the succession relates to the depositional setting—the
lower part is submarine, the upper part is subaerial and the
intermediate part records the transition from submarine to
subaerial environments.

In order to examine the evolution of the island, we have
undertaken facies analysis. Facies and facies associations
(Table 1) were defined on the basis of systematic field
mapping and core logging. The volcanic facies associa-
tions have genetic significance with respect to volcano type,
eruption style, proximity to source and emplacement pro-
cesses. Information on the volcano types and depositional
settings has been combined with a new geochronological
framework to reconstruct the volcanic evolution of the is-
land.

Volcanic and sedimentary facies associations

Nine compositionally and texturally distinct facies asso-
ciations have been identified (Table 1). Five of the facies
associations are the products of effusive eruptions and/or
shallow intrusive processes (lavas, domes, cryptodomes,
dykes): (1) the rhyolite facies association comprises co-
herent rhyolite and sediment-matrix rhyolite breccia; (2)
the biotite–quartz–phyric rhyolite facies association com-
prises coherent biotite–quartz–phyric rhyolite and clast-
supported monomictic biotite–quartz–phyric rhyolite brec-
cia; (3) the dacite facies association comprises coherent
dacite, non-stratified or stratified or clast-supported mo-
nomictic dacite breccia and sediment-matrix dacite brec-
cia; (4) the andesite facies association comprises coher-
ent andesite, non-stratified or clast-supported and stratified
monomictic andesite breccia and sediment-matrix andesite
breccia.

These facies associations have been named on the basis of
composition (cf. McPhie et al. 1993), as indicated by phe-
nocryst assemblages and immobile element ratios (Zr/TiO2
versus Nb/Y, Fig. 3). The rhyolites in the succession have
10–15 vol.% phenocrysts and are either feldspar-quartz-
phyric, biotite–feldspar–quartz–phyric or biotite–quartz–
phyric. The quartz (8–10 vol.%), feldspar and biotite phe-
nocrysts are mainly in the 1–3 mm size range. The majority
of dacites comprise 8–20 vol.% phenocrysts of feldspar, bi-
otite and quartz (<5 vol.%) mainly in the 0.5–2 mm size
range. The andesites contain 10–20 vol.% phenocrysts, in-
cluding 1–2 mm plagioclase (10–15 vol.%) and 1 mm horn-
blende (5–8 vol.%).

Four of the facies associations are the products of ex-
plosive eruptions that generated a variety of pyroclastic
deposit types, and have been named according to the dom-
inant components and grain sizes (Table 1): (5) the pumice
breccia facies association consists of coarse pumice brec-
cia, stratified pumice breccia, lithic-pumice breccia and
graded pumice breccia; (6) the scoria-rich breccia facies
association consists of cross-stratified scoria breccia, mas-
sive andesitic breccia and fine scoria sandstone; (7) the
pyroclastic facies association comprises matrix-supported
coarse dacite or andesite breccia, cross-bedded lapilli-ash
and bedded ash; (8) the mud-matrix lithic breccia facies as-
sociation comprises massive schist-rich breccia (equivalent
to the ‘Green Lahar’ of Fytkas et al. 1977) and polymictic
mud-matrix breccia. The ninth facies association comprises
graded sandstone, thickly bedded to laminated mudstone,
and polymictic breccia-conglomerate collectively referred
to as the sandstone-conglomerate facies association.

Depositional environments

Few single facies are independently diagnostic of erup-
tive or depositional environments. Three main criteria
have been used for distinguishing submarine volcanic and
sedimentary facies from subaerial facies on Milos: (1)
presence of marine ichnofacies and/or marine fossils in
sedimentary facies; (2) presence of depositional struc-
tures characteristic of subaqueous deposition, in partic-
ular, tabular, massive to graded beds typical of deposits
from water-supported particulate gravity currents, angle-
of-repose cross-stratification and ripple cross-lamination;
and (3) presence of juvenile volcanic clasts with quenched
margins and volcaniclastic aggregates interpreted to be the
products of quench fragmentation (hyaloclastite). In con-
junction, three criteria have been used for identifying sub-
aerial facies: (1) presence of palaeosols; (2) the presence
of pyroclastic density current deposits (primarily surge de-
posits and block-and-ash-flow deposits) that contain evi-
dence of hot emplacement, such as thermal oxidation and/or
carbonised wood and vegetation; and (3) the presence of
accretionary lapilli in undisturbed pyroclastic deposits.

Some facies associations are exclusively submarine. For
example, the pumice breccia facies association comprises
thickly bedded (tens of metres), diffusely stratified,
rhyolitic to dacitic pumice breccia (Fig. 4A and B)
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Fig. 6 A Subaerial rhyolite
lava of the Trachilas rhyolitic
complex on the coast at
Tsigardo. A thick interval of
coherent biotite–quartz–phyric
rhyolite is enclosed in
autobreccia that shows both
clast-rotated and jigsaw-fit
textures. B Subaerial
autobreccia at the distal margin
of the biotite–quartz–phyric
rhyolite lava erupted from the
Firiplaka rhyolitic complex
(Fig. 2)

interbedded with locally abundant graded sandstone and
mudstone facies. The pumice breccia facies is composed of
unmodified juvenile pumice clasts produced by explosive
eruptions (Fig. 4C). However, the bed forms indicate that
transport and deposition involved water-supported gravity
currents and settling from suspension in the water column
(e.g., Stewart and McPhie 2004).

Although volumetrically minor, the sandstone-
conglomerate facies association (Fig. 5) is also exclusively
submarine. Bioturbation and marine fossils in the mud-
stone facies imply deposition in a relatively shallow-water
environment, up to a few hundred metres deep. The pres-
ence of tabular, massive to graded beds typical of deposits
from gravity currents and sedimentary structures indicative
of wave action and currents (e.g. cross-stratification) are
also consistent with a shallow submarine environment
close to wave base.

Some facies associations are exclusively subaerial. The
Firiplaka and Trachilas rhyolitic volcanic complexes are
the most prominent examples. These two complexes

consist of biotite–quartz–phyric rhyolitic lavas (biotite–
quartz–phyric rhyolite facies association; Fig. 6A and B)
and cross-bedded lapilli-ash and bedded ash facies (py-
roclastic facies association; Campos Venuti and Rossi
1996). The Halepa biotite–quartz–phyric rhyolitic lavas
is also subaerial. The common occurrence of palaeosols,
charcoal-bearing pyroclastic units, and autobreccia, and
absence of intercalated sedimentary facies in these as-
sociations indicate that the environment was subaerial
(Fig. 7A–C).

Some facies associations include submarine, subaerial
and shallow intrusive emplacement units. For example,
some of the domes in the dacite facies association are
submarine and characterised by combinations of coherent
facies, in situ hyaloclastite, intrusive hyaloclastite and rede-
posited hyaloclastite (Fig. 8A). Other domes are subaerial
and characterised by the presence of autobreccia and talus.
The shallow intrusions typically include significant intru-
sive hyaloclastite, and lack redeposited autoclastic facies
(Fig. 8B).
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Fig. 7 A Subaerial block-and-ash flow deposit generated by ex-
plosive eruptions at the Firiplaka rhyolitic complex. Poorly sorted
interval of coarse breccia at Firiplaka. The deposit is poorly sorted
and composed of matrix-supported, angular to subangular, juve-
nile rhyolite clasts (2 mm–1.5 m in diameter). B Subaerial rhy-
olitic pyroclastic surge and fall deposits of Firiplaka. The section
includes massive accretionary lapilli-rich layers (AL), a pumice
lapilli fall layer (P) and planar bedded ash fall layers (LVS). C
The polymictic mud-matrix breccia at Agia Kiriaki beach was gen-
erated by phreatic eruptions at nearby vents. The massive breccia
contains intact and in situ ancient Roman pots.14C measurements on
the Roman pot fragments (Traineau and Dalabakis 1989) indicated
that the phreatic volcanic activity occurred between 200 BC and
200 AD

Fig. 8 A A north–south section of the Favas partially extrusive
dacite cryptodome, at Triades (Fig. 2), shows the context and contact
relationships of the main facies of the dacite facies association. The
intrusive facies (coherent dacite, in situ hyloclastite and intrusive
hyaloclastite) cross-cut local bedding in the host pumice breccia
(white) along highly irregular, discordant contacts. The extrusive
facies (redeposited hyaloclastite) is interbedded with pumice breccia.
B Upper contact of a submarine dacite dome at Triades. In situ
hyaloclastite at the base of the outcrop is gradationally overlain by
redeposited hyaloclastite that is stratified

Some facies associations include evidence for the si-
multaneous existence of both subaerial and submarine de-
positional settings. One of the best cases is the scoria-
rich breccia facies association which is restricted to the
northeastern part of Milos (Fig. 2) and is volumetri-
cally minor. Facies in this association consist of abun-
dant scoria and large fluidal clasts with quenched margins,
resembling the proximal products of weakly explosive,
magmatic-volatile-driven strombolian eruptions (Fig. 9A
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Fig. 9 A Fine scoria sandstone facies. The beds vary in thickness
from 5 to 10 cm. Large fluidal clasts are oriented perpendicular to
bedding, at Papafragas. B A very coarse fluidal clast at Papafragas

and B). The association conformably overlies thick sub-
marine pumice breccia and is overlain by partly subaerial
facies, so the depositional setting was probably close to
or above wave base. The bedforms (diffuse stratification,
grading and cross stratification) are consistent with depo-
sition from moderate-concentration to high-concentration
gravity currents and traction currents. Hence, the vent
must have been in even shallower water or subaerial, and
in both cases, the eruption column was probably largely
subaerial.

Volcano types and architecture

The volcanic facies architecture of Milos comprises in-
terfingering proximal (near vent), medial (volcano flanks)
and distal (volcano margin) facies associations related to
five main volcano types (Table 2; Fig. 10A–D): (1) sub-
marine felsic cryptodome-pumice cone volcanoes; (2) sub-
marine dacitic and andesitic lava domes; (3) submarine-
to-subaerial andesitic scoria cones; (4) partly submerged
dacitic and andesitic lava domes and (5) subaerial rhyolitic
lava-pumice cone volcanoes.

Submarine felsic cryptodome-pumice cone volcanoes

Parts of four large submarine felsic cryptodome-pumice
cone volcanoes have been identified on Milos, and collec-
tively cover more than 85% of the total area of the island
(Fig. 11A). Their vent areas are centred on Profitis Illias,
Bombarda (cf. Rinaldi and Campos Venuti, 2003), Filakopi
and Dhemeneghaki (Fig. 11A). The essential elements of
these volcanic centres are thick intervals of submarine fel-
sic pumice breccia intruded by compositionally similar,
rhyolitic and dacitic cryptodomes and sills (Figs. 10A and
10C). The volcanic centres are broadly circular in plan
and each one covers an area of tens of square kilometres.
Thicknesses of the proximal sections are typically 300–
350 m and range up to 450 m. Distal sections are much
thinner (<2 m). The bulk volume of each of these centres
is in the order of 4–6 km3 and they represent magma vol-
umes of ∼2–3 km3. These volcanoes are similar in style
to subaqueous rhyolitic dome-intrusion-tuff volcanoes de-
scribed by Horikoshi (1969), Cas et al. (1990), Allen et al.
(1996) and Ayres and Peloquin (2000).

The proximal parts of the felsic cryptodome-pumice
cone volcanoes on Milos are characterised by very thick
sections of felsic pumice breccia intruded by a series of
small-volume cryptodomes and sills, comprising aphyric or
weakly quartz–feldspar±biotite–phyric rhyolite and dacite.
Single intrusions have lateral extents less than 1.2 km, al-
though groups of close-spaced intrusions cover areas of
several square kilometres, such as in the Profitis Illias area
(Fig. 2). Contacts of the intrusions are typically defined by
intrusive hyaloclastite, indicating that they were emplaced
into a host unit that was wet and poorly consolidated (e.g.
Snyder and Fraser 1963; Hanson and Wilson 1993; Goto
and McPhie 1998; Stewart and McPhie 2003). Lateral fa-
cies changes away from the proximal area mainly involve
decreases in the volume of intrusions and in the thickness
of pumice breccia. Single beds of pumice breccia also de-
crease in thickness and grain size outwards towards the
distal zones. The abundance of interbedded graded sand-
stone and thickly bedded to laminated mudstone, and of
distal facies from other volcanoes also increases outwards
(Fig. 11B).

There are two main types of proximal to medial pumice
breccia: (1) very thick (tens of metres), massive or diffusely
stratified rhyolitic to dacitic pumice breccia; this facies
consists of pyroclasts transported and deposited by water-
supported gravity currents; and (2) very thick (up to 20 m),
tabular beds of well sorted, reversely graded, coarse (up to
6.5 m) pumice clasts in grain-to-grain contact and set in a
much finer (<1 mm–2 cm), pumiceous matrix. The coarse
pumice clasts settled from suspension and the framework
was progressively infilled by fine pumice clasts and water-
settled ash (Stewart and McPhie 2004). This type of pumice
breccia is a variety of water-settled fall deposit.

The felsic cryptodome-pumice cone volcanoes were gen-
erated by initial, magmatic-volatile-driven explosive erup-
tions that formed thick submarine deposits of pumice brec-
cia deposits. Later degassed magmas intruded the brec-
cia pile, forming cryptodomes and sills in and around
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the former vent areas. These volcanoes are interpreted to
have been entirely submarine. However, given the rela-
tively shallow-water depositional setting, it is plausible that
rapid accumulation of pyroclastic units resulted in the net
growth toward sea level and that high-level intrusion of
cryptodomes caused up-doming of the pumice breccia pile
(cf. Minakami et al. 1951). Therefore, it is possible that
some of the volcanoes grew to sea level and breached the
air–water interface.

Submarine dacitic and andesitic lava domes

Submarine dacitic and andesitic lava dome volcanoes cover
approximately 10% of the island, and range from 2.5 to
10 km in diameter and 250–350 m in thickness in the prox-
imal parts. Several volcanic centres of this type are inferred,
but those in the Triades area of northwestern Milos are the
best exposed (Fig. 12A). These domes are dominated by the
products of submarine, effusive, dacitic and andesitic erup-
tions and are composed of variable amounts of coherent
dacite or andesite and in situ and redeposited hyaloclastite
(Table 2).

The dacitic and andesitic lava domes on Milos form
thick (up to 300 m), high-aspect-ratio units similar to

lava domes in other modern and ancient submarine settings
(cf. Horikoshi 1969; Yamagishi and Dimroth 1985, 1987;
Yamagishi 1991; Yamagishi and Goto 1992; Fig. 12A).
They are strongly constructional and characterised by a
broadly concentric internal structure, consisting of a mas-
sive coherent core, flow-banded outer zone, in situ brec-
ciated margin and an enveloping carapace of hyaloclastite
(Fig. 12B; Fig. 10A – logs A, B and D). The coherent core
is volumetrically dominant, uniformly microcrystalline and
columnar jointed. A perlitic or flow-banded outer zone
30–40 m thick commonly surrounds the massive coher-
ent core. Flow bands are approximately parallel to the
dome margin. The outer zone is overlain by or enclosed
in closely fractured dacite or andesite breccia and hyalo-
clastite produced by quench fragmentation of the margins
of the dome. Where exposed, the basal contacts of the
domes consist of intrusive hyaloclastite and the underlying
sediments are locally deformed, implying that the domes
flowed over and locally burrowed into wet, unconsolidated
sediments.

The medial to distal parts of these volcanoes on Milos
are characterised by stratified dacitic or andesitic breccia
(Fig. 12B), generated by down-slope remobilisation of un-
consolidated hyaloclastite and autobreccia. These breccias
become progressively thinner and finer, and bed thickness
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decreases over relatively short (tens to hundreds of metres)
distances from source.

Submarine-to-subaerial scoria cone

A variety of andesitic, scoria-rich, clastic facies exposed
in northeastern Milos are part of a scoria cone that may
have been partly emergent. The scoria-rich deposits consist
of abundant scoria and large fluidal clasts with quenched
margins (Fig. 9), resembling the primary and redeposited
products of weakly explosive, strombolian eruptions (cf.
Staudigel and Schmincke 1984; Cas et al. 1989; Houghton
and Landis 1989; Dolozi and Ayres 1991; Kano 1998).
They conformably overlie thick submarine pumice breccia
and are overlain by partly subaerial facies. The bedforms
(diffuse stratification, grading and cross stratification) are
consistent with deposition from moderate-concentration to
high-concentration gravity currents and traction currents,
so the depositional setting was probably close to or above
wave base. Hence, the vent must have been in even shal-
lower water or subaerial, and in either case, the eruption
column was probably largely subaerial.

Remnants of the scoria cone cover an area of 18 km2. The
thickest (up to 45 m) and coarsest sections occur at Pollonia
(Fig. 10C – log N). Single units near the eastern limits
of outcrop are thinner (∼2 m) and finer than those near

Pollonia. Feeder dykes and coarse agglutinate-like deposits
expected to mark near-vent positions (Houghton and Landis
1989; Smith and Batiza 1989) are absent, suggesting that
the most proximal parts are not exposed onshore. Hence,
all the preserved sections of the andesitic scoria cone are
probably medial and distal.

Partly submerged dacitic and andesitic domes

Partly submerged dacitic and andesitic dome volcanoes
are restricted to the Kontaro, Korakia and Krotiraki ar-
eas, and Arkadies Island (Fig. 13A). They cover <5%
of Milos and range from 2.5 to 10 km in diameter and
250–350 m in thickness in the proximal parts. The prox-
imal parts of these volcanoes are similar to felsic and in-
termediate lava domes in modern subaerial volcanic suc-
cessions (cf. Huppert et al. 1982; Swanson and Holcomb
1990). They are characterised by thick (up to 250 m),
high-aspect-ratio intervals of coherent dacite and andesite
(Fig. 13A). Single domes comprise a massive coherent core,
flow-banded rind and an envelope or carapace of in situ
autobreccia.

Away from the proximal area, the partly submerged set-
ting and differences from subaerial domes are apparent.
In the medial sections, there are marked decreases in the
proportion of coherent lava and the thickness of in situ
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autobreccia. These sections are characterised by abundant
bedded, monomictic dacitic and andesitic breccia that rep-
resent talus aprons composed of redeposited autobreccia.
The presence of graded sandstone beds intercalated with
the talus breccia indicates that the breccias were deposited
in shallow marine environments adjacent to emergent
domes.

Subaerial rhyolitic lava-pumice cone volcanoes

Three large subaerial rhyolitic lava-pumice cone volcanoes
are present on Milos, at Trachilas in the north, Firiplaka
in the south and Halepa on the southern coast. They are
broadly circular in plan and have diameters in the range
of 5–8 km. The proximal zones of these volcanic centres
are about 120 m thick, and the distal parts are much thin-
ner (several metres). Detailed study of the Firiplaka centre
by Campos Venuti and Rossi (1996) indicated that initial
explosive eruptions were phreatic and evolved to a cone-
building phreatomagmatic episode represented by surge
deposits. Later eruptions produced ash fall deposits and
lavas.

The proximal parts of the subaerial rhyolitic lava-
pumice cone volcanoes on Milos are dominated by

thick (∼200 m) pyroclastic deposits and small-volume,
biotite–quartz–phyric rhyolite lavas up to 100 m in thick-
ness, and cover several square kilometres. The lavas
display tabular geometries similar to many other felsic
lavas in modern subaerial environments (cf. Fink 1980).
They are strongly constructional and characterised by
a broadly concentric internal structure, consisting of a
massive coherent core, an outer flow-banded zone and
a brecciated margin composed of autobreccia and talus
breccia.

There are two main pyroclastic facies in the proximal to
medial sections: (1) very thick (tens of metres) intervals of
poorly sorted, cross-bedded lapilli-ash (pyroclastic surge
deposits); and (2) thin (<1 m) intervals of bedded ash (fall
deposits). Away from the proximal area, the lavas become
thinner (15–20 m) and the pyroclastic facies become thin-
ner. Distal pyroclastic facies are dominated by thin, bedded
ash fall deposits.

Thickness variations

The volcanic and sedimentary succession of Milos varies
in thickness from a minimum of tens of metres in the Palio-
chori area (Fig. 2) in the eastern part of the island, up to
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∼700 m in the northeastern part of the island (Fig. 10A – log
E). The variations across the island are directly attributed
to a combination of pre-volcanic palaeogeography, syn-
volcanic faulting and constructional volcanism. The west-
ern and northeastern sectors of Milos are dominated by a
laterally extensive succession of submarine pumice brec-
cia and sedimentary facies more than 300 m thick. This
part of the succession displays the least internal hetero-
geneity (Fig. 10B – log E) but thins towards and is absent
from the southeastern sector of the island, east of Psathi
(Fig. 10B – log I) and south of Dhemeneghakia (Fig. 10B –
log P). This thickness trend suggests that the southeastern
part of the island was a topographic high (possibly shoal-
ing or subaerial) throughout most of the Late Pliocene
–Pleistocene, and therefore receiving relatively little
sediment.

Syn-volcanic normal faults are well exposed in basal
parts of the succession, some of which have displacements
up to several hundred metres (Fytikas et al. 1986). Such
faults must have been important in shaping topography
and creating depositional basins, especially in the western
and northeastern sectors of the island, where the volcanic
succession is thickest (up to 700 m).

Age of volcanism

A variety of dating techniques has been applied to the
volcanic units on Milos: K-Ar radiometric dating of biotite
and amphibole (Fytikas et al. 1976; Angelier et al. 1977;
Fytikas et al. 1986), fission track dating of felsic glasses
(Bigazzi and Radi 1981),14C measurements on Roman pot
fragments (Traineau and Dalabakis 1989; Principe et al.
2002, 2003), and sensitive high-resolution ion microprobe
(SHRIMP II) analyses of 206Pb/238U in zircons (Electronic
Supplemntary material; Table 3). The results indicate that
volcanic activity on Milos began during the Late Pliocene
(∼3 Ma) and has continued to relatively recent times (200
BC to 200 AD).

The submarine pumice breccias at the base of the succes-
sion are interbedded with sedimentary units that contain
Late Pliocene marine fossils (cf. Fytikas et al. 1977). A
K-Ar date on a non-juvenile rhyolite clast in submarine
pumice breccia suggests a maximum age of 3.08±0.14 Ma
(Fytikas et al. 1986). SHRIMP U-Pb dating of zircon in
a juvenile pumice clast in the Filakopi Pumice Breccia
(Stewart and McPhie 2004) provides an upper age limit
for the submarine pumice breccias at about 2.66±0.07 Ma
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Table 3 A summary of
SHRIMP U-Pb ages. Location
of samples on Fig. 2 and raw
data in Appendix 1

Sample number Sample description Crystallisation age (Ma)

MIL 130 Coherent dacite facies, Triades 1.44±0.08
MIL 243 Coherent dacite facies, Triades 2.18±0.09
MIL 343 Coherent dacite facies (Kalogeros cryptodome) 2.70±0.04
MIL 365 Pumice breccia facies (Filakopi Pumice Breccia) 2.66±0.07

Bombarda volcano
(1.71 +/- 0.05 Ma )1

Filakopi volcano
(2.66 +/- 0.07 Ma )3
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Coherent rhyolite Pumice breccia

Pre-volcanic basement
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Profitis Illias
volcano
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Fig. 11 Submarine felsic cryptodome-pumice cone volcanoes. A
Map showing the proximal, medial and distal parts of the four main
submarine felsic cryptodome-pumice cone volcanoes on Milos. B
Facies model for submarine felsic cryptodome-pumice cone vol-
canoes on Milos. The schematic cross-section of the Profitis Il-
lias volcano displays the spatial distribution of facies and internal
structure. Location of cross-section on Fig. 11A. Age data from 1
Fytikas et al. (1986); 2 Bigazzi and Radi (1981); 3 This study (see
Table 3)

(Table 3). SHRIMP U-Pb in zircon dating of the Kalogeros
dacitic cryptodome (Fig. 10C – log N) on the northern
coast, has given an age of 2.70±0.04 Ma. Taking analyti-
cal error into consideration, the Kalogeros cryptodome is
approximately contemporaneous with the Filakopi Pumice
Breccia, and the two units together form one of the four
main submarine felsic cryptodome-pumice cone volcanoes
recognised. SHRIMP U-Pb in zircon dating of a dacite lava
at Triades on the western coast (Fig. 2) has yielded an age
of 2.18±0.09 Ma.

The subaerial part of the succession probably begins at
1.44±0.08 Ma (Fig. 14) which is the SHRIMP U-Pb in
zircon date obtained on one of the oldest subaerial dacite
domes. The subaerial Halepa rhyolite lava on the southern

coast of Milos, and the Firiplaka and Trachilas rhyolitic
centres are all younger again. The Halepa rhyolite has been
dated at 0.95±0.08 Ma (Fytikas et al. 1986; K-Ar on bi-
otite). K-Ar dates for the Firiplaka volcanic centre range
from 0.48±0.05 to 0.09±0.02 Ma (Fytikas et al. 1976;
Fytikas et al. 1986). The single K-Ar date of 0.37±0.09
Ma (Fytikas et al. 1986) from the Trachilas volcanic centre
falls within that range.14C dating of Roman pot fragments
contained within the phreatic deposits in the Agia Kiri-
aki area indicate an age 200 BC to 200 AD (Traineau and
Dalabakis 1989), which is consistent with archaeological
findings (Renfrew and Wagstaff 1982).

Although the geochronological data are far from com-
prehensive, this compilation shows a very clear pattern of
felsic eruptions having occurred on Milos at more or less
regular intervals for the past 3 million years. There are no
prolongued breaks nor are there periods of particularly in-
tense volcanism. It appears that eruptions have taken place
every 100,000 years or less, and no repose period has been
longer than a few hundred thousand years. The pattern is
also consistent with field relationships—we have found no
island-wide disconformities, palaeosols or reworked inter-
vals that might be records of an extended break in volcanic
aggradation.

Palaeogeographic reconstruction and evolution
of Milos Island

In this section, constraints on the Eocene to Miocene setting
of volcanic activity are reviewed, and followed by a discus-
sion of the inferred Pliocene–Pleistocene palaeogeography
(Fig. 14).

Mesozoic basement and Neogene sedimentary
formations

In the northern, southern and western sectors of Milos, the
Mesozoic metamorphic rocks are unconformably overlain
by the Neogene sedimentary group. The Neogene sedi-
mentary group is exposed only to the west of the Firiplaka
Fault (Fig. 2). Hence, the Mesozoic metamorphic rocks of
the southeastern sector of the island were most likely topo-
graphically high (possibly shoaling or subaerial), therefore
reducing Neogene sedimentation in this area. Also, the
Neogene sedimentary group has mixed provenance that in-
cludes rocks of the Mesozoic basement, implying that the
basement was exposed to erosion during the Neogene. The
undulating topography exhibited by the unconformity with
the basement suggests that the palaeogeography during the
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Neogene comprised a small island or perhaps a group of
small islands in the southeast, flanked by shallow- to deep-
marine areas.

Late Pliocene – Pleistocene volcanic evolution

The onset of explosive felsic volcanism (3.08±0.14 Ma,
Fytikas et al. 1986) generated thick (∼300 m) intervals of
pumice breccia (1 in Fig. 14A). Bioturbated and fossilif-
erous mudstone intervals interbedded with pumice brec-
cia near the base of the volcanic succession indicate that
the depositional setting was relatively shallow submarine.
The presence of tabular, massive to graded beds typical
of deposits from gravity currents, and the absence of sed-
imentary structures indicative of wave action (e.g. sym-
metic ripples or hummocky cross-stratification) are con-
sistent with a setting below wave base. The source vents
would have been shallower than the depositional setting
and hence, were probably in water perhaps only a few
hundred metres deep. Waterlogged pumice clasts, shards
and crystals were transported and deposited by water-

supported gravity currents and also settled from suspen-
sion. The initial gravity currents were overloaded with
dense lithic clasts but later currents were pumiceous,
reflecting open-vent explosivity and rapid waterlogging
of abundant hot, pumice lapilli (Stewart and McPhie
2004).

Rhyolitic and dacitic cryptodomes (e.g. Kalogeros
Dacite, Stewart and McPhie 2003) and sills subsequently
intruded the thick, poorly consolidated pumice pile (2 in
Fig. 14A). The intrusion of cryptodomes and sills disrupted
the pumice breccia succession, and in many cases, presum-
ably domed the sea floor. Parts of the original volcanic cen-
tres that were emplaced above wave base were probably
easily eroded. Some historical, shallow-marine rhyolitic
eruptions formed ephemeral islands that underwent several
cycles of construction and degradation. For example, the
1953–57 submarine eruptions of Tuluman volcano repeat-
edly formed islands subject to erosion and submergence
(Reynolds et al. 1980).

Andesite dykes are volumetrically minor and restricted
in occurrence to the margins of the Profitis Illias felsic
cryptodome-pumice cone volcano (3 in Fig. 14A). The



722

0 km 10

Kontaro

Arkathio

Krotiraki

V

Submarine-to-subaerial dacitic
and andesitic domes

Coherent dacite or
andesite

In situ autobreccia Graded sandstone

Talus breccia

B

A

ProximalDistal MedialMedial

Pyroclastic facies

AA
BB

0

200

200

m

Proximal facies

Medial facies

Distal facies

N
Korakia
(1.59 +/- 0.25 Ma )1

Fig. 13 Partly submerged
dacitic and andesitic domes. A
Map showing the proximal,
medial and distal parts of partly
submerged dacitic and andesitic
lava domes on Milos. B Facies
model for
submarine-to-subaerial dacitic
and andesitic domes on Milos,
based on a schematic cross
section of the Krotiraki volcano.
Location of cross-section on
Fig. 13A. Age data from 1
Fytikas et al. (1986)

dykes intruded the pumice breccia and lower part of the
overlying sandstone-conglomerate facies.

The palaeogeography generated by the initial volcan-
ism comprised low-angle fans of pumice breccia around
rhyolitic–dacitic intrusion centres rising gently from the
sea floor. Depositional environments of the proximal and
medial parts of these cryptodome-pumice cone volcanoes
were mainly shallow marine, whereas the medial to dis-
tal settings were mainly shallow to deeper marine. It is
likely that accumulation of the main pumiceous units re-
sulted in net growth towards sea level, but as there are no
erosional disconformities or subaerial facies in this part of
the succession, aggradation must have been countered by
subsidence.

The dominantly rhyolitic explosive and intrusive activ-
ity was followed by widespread effusive volcanism that
formed numerous dacitic and andesitic lavas and domes
on the sea floor (1 in Fig. 14B). Autoclastic facies, mainly
hyaloclastite, are intercalated with graded sandstone and
thickly bedded to laminated mudstone and indicate that
the initial depositional setting was shallow marine (below

wave base). At some locations, for example, between Tri-
ades and Agathia, high-aspect-ratio dacitic lavas overlap
without intervening sedimentary facies (2 in Fig. 14B). The
lavas and domes were constructional and formed local topo-
graphic highs rising above the sea floor to become volcanic
islands.

In the northeastern part of the island, weakly explo-
sive, magmatic-volatile-driven strombolian eruptions built
an ephemeral scoria cone subject to collapse and resedi-
mentation, delivering scoria lapilli and fluidal bombs into
deeper-water flanking environments. Given the relatively
shallow sea water setting, the edifice may have shoaled (3
in Fig. 14B).

Elevated sea floor volcanic centres (4 in Fig. 14B) were
separated by low-lying regions where stratigraphically
equivalent sand and mud were deposited. The sandstone
and mudstone units are dominated by volcanic quartz and
feldspar, pumice and glass shards, suggesting a largely fel-
sic volcanic source. The remaining components are clearly
non-volcanic (detrital mica and polycrystalline quartz) and
imply input from basement sources. Graded, very thick
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beds of polymictic breccia-conglomerate facies contain
abundant rounded rhyolitic and dacitic clasts that indicate
reworking in high-energy, subaerial to shallow marine, en-
vironments (above storm wave base), prior to deposition
below wave base. In other sections, cross-bedded sand-
stone indicates that the depositional setting was most likely
above wave base. Hence, depositional environments ranged
from below to above wave base, and source areas were in
very shallow water and/or subaerial.

The next volcanic activity constructed the Bombarda
cryptodome-pumice cone volcano in the central part of
the island (1 in Fig. 14C). Explosive rhyolitic eruptions
generated thick, submarine, pumiceous volcaniclastic fa-
cies. Rinaldi and Campos Venuti (2003) suggested that the
pumice breccia units were deposited in sea water about
50 m deep but that parts of the volcanic centre were in
shallow water or subaerial. The Bombarda rhyolite dome
intrudes the most proximal volcaniclastic facies and prob-
ably occupies the vent.

Eruption of numerous dacitic and andesitic lavas and
domes (2 in Fig. 14C) effectively culminated in emergence
and established much of the present-day outline of the
island. In situ pyroclastic facies (block-and-ash flow and
surge deposits) and palaeosols associated with the domes
delineate the areas that were subaerial (3 in Fig. 14C). The
large, biotite–quartz–phyric Halepa rhyolite lava was em-
placed in the central part of the island (4 in Fig. 14C).

Thick (5–70 m) and laterally restricted intervals of
graded sandstone, pumice breccia, polymictic breccia-
conglomerate and fossiliferous mudstone indicate that the
central part of Milos was still partly occupied by a rela-
tively low-lying depression (Gulf of Milos), possibly open
to the ocean in the west (5 and 6 in Fig. 14C). Sedimenta-
tion was dominated by the primary and reworked products
of felsic explosive eruptions and the depositional setting
was shallow marine.

Extensive subaerial emergence was achieved by the be-
ginning of the Pleistocene (1.44±0.08 Ma) in response to
a combination of volcanic constructional processes. Since
then, the two rhyolitic volcanic centres of Trachilas (1 in
Fig. 14D) and Firiplaka (2 in Fig. 14D) have formed. Both
centres consist of broad (up to 2.5 km in diameter), rel-
atively high (up to 200 m), circular pumice cones gener-
ated by a combination of phreatic and phreatomagmatic
eruptions (Campos Venuti and Rossi 1996), and relatively
extensive, thick, biotite–quartz–phyric rhyolitic lavas (3 in
Fig. 14D). The lavas disrupted the outer pumice cone and
flowed into the Gulf of Milos.

Over much of the northern and southern parts of
Milos, subaerial rhyolitic volcanism was accompanied by
phreatic activity. Small steam-driven explosions formed nu-
merous overlapping craters in the northern part of the
Zefiria Graben (4 in Fig. 14D). Pyroclastic breccias con-
taining abundant altered clasts suggest that some explosions
were caused by pressure variations within the upper 300 m
of an active hydrothermal system (Fytikas et al. 1989).
Principe et al. (2002) speculated that this phreatic activity
originated in part from the failure of the metamorphic base-

ment once located offshore from the present-day basement
outcrops on the coast at Paliochori (Fig. 2) and generated
lithic breccia composed mainly of variably altered meta-
morphic basement clasts. Phreatic activity has continued to
very recent times (200 BC to 200 AD; Traineau and Dal-
abakis 1989) and coincided with human habitation of the
island.

Conclusions

The Upper Pliocene – Pleistocene volcanic succession of
Milos was constructed on Mesozoic metamorphic base-
ment and Neogene sedimentary rocks. A compilation of
radiometric dates indicates that the volcanic succession
formed within about 3 million years and there is nei-
ther field nor geochronological evidence for any signifi-
cant breaks. Depositional environments evolved from be-
low to above wave base to subaerial in most areas, except
at the southeastern sector of the island where pre-existing
subaerial environments persisted. The volcanic facies and
facies associations comprise the intercalated products of
shallow intrusive events, effusive and explosive eruptions
and post-eruptive resedimentation.

The present island consists of the products of multiple,
mainly felsic volcanic centres, involving:

1. growth of large submarine felsic cryptodome-pumice
cone volcanoes broadly synchronous with the formation
of epithermal mineralisation (broadly equivalent to the
basal pyroclastic series of Fytikas et al. 1986);

2. submarine effusion and intrusion of several dacitic to
andesitic lavas and domes, and subaerial emergence as-
sociated with small-volume pyroclastic deposits (includ-
ing units mainly assigned to the complex of domes and
lava flows, and the pyroclastic series and lava domes, of
Fytakis et al. 1986) and;

3. subaerial explosive eruptions, forming rhyolitic pumice-
cone volcanoes, followed by rhyolite lavas (rhyolitic
complexes of Firiplaka and Trachilas), and accompanied
by widespread phreatic activity.
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