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GEOLOGY AND GEOTHERMICS OF THE ISLAND OF MILOS (GREECE)
by

M. Fytikas* and G. Marinelli**

Abstract - The geothermal research at Milos is reviewed

and the geology of the island is discussed in the frame-
work of the geodynamics of Eastern Mediterranean.

The various formations outcropping at Milos are described:
crystalline basement, Neogene transgressive conglomerate
and limestones, Quaternary volcanic and volcano-~sedimentary
series. The very recent disjunctive tectonics affecting
Milos and the neighbouring islands is discussed together
with the volcano-tectonics. The thermal manifestations

and the wide and important alterations and mineralizations
related to the near surface circulation of hydrothermal
fluids are also described.

The geophysical methods utilized in the geothermal exploration
to locate exploratory and production wells are briefly
illustrated. They include 55 thermometric wells and an
electric resistivity survey. Preliminary  data from the

two Milos wells, both productive, with bottom-hole
temperature higher than 300“C are reported.

INTRODUCTION

Tn the fall of 1970 one of the authors spent
two weeks in Greece in the capacity of consulting éxpert
to the Organization for Economic Co-operation and

Development (OECD). The aim of this mission was to
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establish whether there were any areas presenting fé?orable

conditions for findihg goethermal energy which_couid.bé' |

economically exploited. | ' H

In the report presenting the results of this
prelimlnary reconnalssance (Marinelll, 1971) the author
concluded that numerous areas of Greece evidence favorable
conditions for detailed. exploratlon for geothermal energy.

The island of Milos was considered to be by far the most

important of these areas. On this island in fact it was

obvious, even on the basis of a‘rapid_recohnaiSssnce
study, that several of the gedlogical conditions basic

to the formation of geothermal fiélds were present.

The conditions found wefs_the following:

1) The presence of a rigid'crystslline basement, fractured
by very recent disjunctive tectdniss.‘Thrs would tend
to facilitate the convective circulation of fluids
and hence thé rising of isotherms.

2) The presence in this mefamorphic complex;of marble
lenses and calc-gchists and, in certain areas, also
of an overlying transgressivs series composed of
conglomerates, limestone and gypsum lenses. These
formations might possibly represent the objective
of the drillings, i.e.,a'highly permeable reservoir.

'3) A cover consisting of Vvolcanic or volcano-sedimentary
products, deeply transformed into bentonite and kaolin
by hydrothermal phenomena. This alteration\guarahtees
a high impermeability in the series. '

4) The presence of numerous thermal manifestations,
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including several small fumaroles with temperatures
up to 102°C.

However, the geological feature which led the
author to the conviction that Milos was the most promising
geothermal region in Greece was the large number of
spectacular craters caused by phreatic explosions. (1)

Theée phreatic craters have very limited diameter
(less than 20 m) and are very frequent in those areas
where the impervious cover is thin; in the areas where
the cover is thicker they are less numerous but much
larger (up to 600 m in diaméter)‘ The.pgrfect condition
of the rims of these craters indicates that they are
very recent.

The other author was charged by the Greek
Institute of (Geology and Subsurface Research (presently
the Institute for Geology and Mining Research) with
all field and laboratory research aimed at the
geothermal exploration of Milos. This work led to

a doctoral thesis (Fytikas, 1976a) and to a

(1) The term "phreatic explosion" was first introduced
at the beginning of the century by E. Suess in his .
famous work "Das Antlitz der Erde". 1t refers to
those eruptions in which no material derived from
new magma is ejected and which may be attributed to
the steam conversion of water of superficial and not
magmatic origin. The term has since been used by the
majority of volcanologists (Van Bemmelen, Rittmann,

" Cotton, Macbhonald, etc.) and also by J. Goguel (1975)
and., 1t would thus appear unnecessary Lo introduce a
new term, "hydrothermal explosion" (Muffler et al.,
1971) which, besides being inexact for a steam
explosion, tends further to complicate the already
complex geological bterminology.



detailed (1:26.000) geological map (Fytikas, 1976b). These
two documents havé~5eenAlargely‘utilized in the presént
paper. | | | -

The field and laboratory work was'begun‘in,thé-
summer of 1971 and completed at the end of 1972. During
this time the following data were collected:

a) Topographic map (scale 1:20.000) of the-entirevisiandz
b) Défailed geological'mab of‘fhe central and eastern |
_ pegions (approximatély 100 Km2 of the total area of
150 KmZ). The geological map of the western part of
the island was finished afterwards. H .
¢) Sampling of all the outcropping formations and of the
,deeply—seéted rocks brought to the surface by volcanit
eruptions and phreatic exploéioﬁs.
 d) Petrographic studies; paleontologic and K/Ar datings.
e) 48 thermometric drillings, plus temperature measurements
in 15 wells previously drilled for water or mineral ’
exploration. These wells vary in depth from 20 to 80 m,
wifh an average depth of 54 m. The firsé of these slim-
holes, at a depth of 72-m, gave a mixture of Steam
and hot water with a temperafure of 138¢C. ,
f) In the spring of 1973 a géoeletrical survey was carried
" out by the "Compagnie Général de Géophysique". 83
electrical soundings were performed, 14 with an AB )
line of 2,000 m and 69 with an AB of 3,000 m.
| The exploratory work.briefly described above
was effected over a period of tWo years, but in facf

required only one year of actual field and laboratory
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work for the geological aspects, .and a few months for the
topographic mapping and geoelectric survey. The'operating
cost of this part of the exploratory programme was
U.S.$ 84.000. This figure may evoke a sceptical smile
in the geothermal exploration community, but in fact
it is exact .and well-documented. |

In May 1973 four sites were selected for deep
exploratory drilling and produttion. (1) No active or
fossil thermal manifestations are present in any of them.
Since the data available wereAconsidered sufficient for
these locagtions, no further exploratory work was performed.
Later, some hydrogeochemical data (deinco and Papastamaki,
1975) confirmed the presence of favorable conditions for
geothermal energy on Milos.

The organization and technical direction of
the drilling was committed by the Greek Public Power

Corporation to the French Company "Eurafrep". The drilling

(1) Among the partecipants at the meeting for the selection
of the Milos drill sites, the authors wish particularly
to thank Mr. G. Aportolides, Director of the Institute
of Geology and Subsurface Research; Mr. P.E. Gounaris,
Director of the Geothermal Service of the Public Power
Corporation; Mr. J. Demians d'Archimbaud, Chief Geolo-
gist "Eurafrep"; and Mr. A Duprat, Chief of the Sub-
surface Dept., "Compagnie Général de Géophysique".
Their suggestions were extremely useful in the choice
of the best possible locations for the exploratory
drill sites, and the results of the first geothermal
wells demonstrated the accuracy of their indications.
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was entrusted to the joint—ventdre between the Greek
"Hydrotechnic' and the French "Foramines".

| More than two years later (precisely in July
1975) the first drilling, "Zéphyria 1", was beguni it
was terminated at 1101 m. Downhole measurements ascertainedv
a pressure-of 1375 PSI (over 96 atm) and a temperature
of 309°C. Production began on 15 October 1975, but the
well was closed after a few hours; a year later it is
still closed. Therefore we have no reliable production
data available. Our only certainty is that the well is
productive and probably has a medium discharge. In 1976
the second dfilling,"Adamas 1", was begun about 5 Km NW
of the "Zephyria 1" bore. "Adamas 1" was terminated at
1163 m and put into production on 17 May 1976. Again é
promising well was closed within a few hours 'and hence
we have no production data; five months later it is
still closed. Up to the present time (late September
1976) no decision to execute further geothermal drilliﬁgs
on Milos has been made by the Greek authorities concérned;
Considering the remarkable success of the first two wells,
the authors sincerely hope that drilling will soon be
continued in order to ascertain the geothermal potential

of Milos.

GENERAL DESCRIPTION

The island of Milos is located in the south-
west region‘of the Cyclades at 36944' latitude north and
24°25' longitude east; it is more than 150 Km SSE of Piraeus.

Milos is the largest of a small cluster of minor islands



whose areas are the following:

Milos - 151 Km®

Kimolos - 35 Km2

Polyegos - 17 Km2

Antimilos - 8 Km2

There are also some cliffs in the sodthern zone which
will be deséribed below.

’ The totalipopulation of Milos and Kimolos is
somewhat under 6.000; the other islands are practically
uninhabited.

In the central and eastern regions, where altered
volcanic products and volcano-sedimentary products predominate,
the morphélogy of Milos is that of fairly smooth relief. In
the western part, an area with many volcanic domes, there
are important elevations, the highest of which (Mountain
-of the Prophet Elijah) rises to 752 m. The island is very
irregular in shape and the coéstline is quite jagged,
_typiéal of a rapidly submerging zone.

The climate of Milos is temperate, of Mediter-
ranean type; the mean annual temperature is slightly
under 18°C. The average annual rainfall is 400 mm, three-

' quarters of which is concentrated in the winter months.

The average humidity is rather high, somewhere around 70%. .

GEOLOGY

' ~ The most recent monograph~on the geology of
‘Miiés ié‘that-of R. Sonder (1924) who, being a volcanologist,
did not treat in detail the non-volcanic 'formations.

According to this author the following formations are



found on Milos:

1) a Palaeozoic metamorphic séries;

2) a transgressive conglomerate fpllowed by a Cretaceous-
Eocene limestone series;

3) a volcanic and volcano-sedimentary cover whose age is
comprised between the Upper Pliocene and the Holocene;

4) scarce recent alluvial products. |

R. Sonder included in his paper a rather imprecise small-

scale geological map.

The age of the crystalline basemenf consisting
of weakly-metamorphic schists wés thought to be pre-Alpine
since the overlying transgressive limestones showed no
traces of metamorphism. The limestones were téntatively
dated as Cretaceous-Eocene (D'Erasmo, 1924) on the basis
of poorly preserved macrofossil molds.

In regard to the voicanic suites, Sonder
distinguished five phases of activity. In the first
two, dated as Lower Pleistocene, silica-rich products
(rhyolites and dacites with a few andesites) were emitted:
the age was determiﬁed on the basis of Calabrian fossils
found in the tuffitic layers (D'Erasmo, 1924). It was
supposed that the third phase was also relatively old,
but characterized by the emission of more basic rocks,
up to basalts. The fourth ‘phase, more recent, acqording
to Sondef produced andesites and andesitic breccias,
while the fifth and last phase produced only rhyolites
and rhyolitic tuffs.

The aforementicned author was not much concerned

with pyroclastic products, and he considered as a terrace
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a curious formation ektremely rich in schist fragments;
this formation is often found intercalated in volcano-
sedimentary products.

All the authors who have studied Milos more
recently have accpted the geological scheme proposed by
R. Sonder (1924). Only N. Liatsikas (1955), who described
the mineral deposits of Milos, suggested some variations
to the succession of volcanic activity established by |
Sonder. G. Vereadis (1958), wﬁo described éome deposits, .
W. Wetzenstein (1969), who studied the genesis of the
numerous bentonite deposits, C. Burri and G. Soptrajanova
(1967), who dealt with lava petrochemistry, did not discuss
the geological data. Even in the "Catalog of Active Vol-
canoes of Greece" G. Georgalas (1962) reports a description
of the thermal manifestations without modifying Sonder'
ideas; he also republishes the latter's simplified
geological map.

Utilizing the new topographical map (scale
1:20.000) done for geothermal exploration by the I.G.S.R.;
one of the authors made a detailed geologiéal map of |
Milos (Fytikas, 1976b). The results of this field work
together with the laboratory work, are described in a
detailed paper of M. Fytikas (1976a).

Milos and the minor islands are a part of the
outer voicanic arc of the Aegean volcanic belt, which
has a double-arc structure (Fytikas et al., 1975). This
outer volcaﬁic belt'comprises the Kromyonia zone in
western Attica, -the island of Aegina (Pe, 1973), the

promontory of Methana in eastern Peloponnesos (Pe, 1974),
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the islands of Milos‘and.Santqrini,(Thera) in the Cyclades
and the island of Nisyros in the Dodecanese. .

All the volcanic activity which has so far!béen
dated is Quaternary (Di Paola, 1974; Fytikas et al., 1975);
two volcanic zones, Methana and Santorini, are still
active (Georgalos, 1962). The historic activity of Nisyros
is limited to powerful phreatic explosions (Keller, 1971;
Di Paola, 1975). In the other volcanic areas, inqluding
Milos, there has been no trﬁe volcanic aétivity, but only
some thermal manifestations.

The Aegean volcanic arc is located about 156,
Km north of and is parallel to the so-called Hellenic
sedimentary arc. This latter is located on the extension
of the Hellenides and includes the islands of the Ionian
Sea, the Peloponnesos, Kithira, Kriti, Karpathos, Rhodes,
up to the southern Anatolian coast. To the.south of this
arc, at approximately 220 Km from the volcanic arc, there
is a rather shallow trough (maximum depth 2270 m), called
the Hellenic trench, which separates the arc from the
Mediterranean ridge (Ryan et al;, 1971). This trench is
assumed to be the present boundary between the converging
African plate and Aegean microplate (McKenzie, 1972;
Ninkovich and Hays, 1972).

_ The study of the seismic data of the Aegean
region clearly indicates the similarity between the
Aegean arc and the circum-Pacific arc-trench systems.

It is therefore almost certain that under the Aegean arc
there is subducted litosphere, for a maximum length of

approximately 280 Km (Comninakis and Papazachos, 1972;
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Papazachos, 1973).

The reflection and refraction seismic data (Fi—
netti and Morelli, 1974) indicate that the crust beheath
all of the eastern Mediterranean is of continental type.
This means that the subduction of oceanic lithosphere
at the»Aegean arc may be considered almost complete, as
a contineﬂtal collision-betweenlthe Afriéan plate and
the Aegean microplate is taking place. The fact thaf
there are still earthquakes along the subduction‘plane
plus the spectacular compressive tectonics fecently
pointed out by seismic researcﬁ (Finetti, 1976) however
suggest that crustal shortening is still taking place.

This explains the limited volcanic‘activity
of the Aegean arc, as well as the characteristic tectonics
of Milos, i.e., a large number of faults with systems of
varying orientation; none of these systems, however, is
particularly important.

The island of Milos is made up of three main
geological éomp;exes:wa crystalline basement levelled
by erosion, a rafhér thin neogenic transgressive sedimentary
series, and a Quaternary volcanic and volcano-sedimen-
tary suite which covers the island almost éntirely. with
the exception of some cliffs located to the south of Mi-
los, the other islands of the gréup are constituted
ekclusi?ely of volcanic rocks. Small outcrops of volcano-

sedimentary products are present only on Kimolos.
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The metamorphic baseﬁent; - outcrops only in very limited

areas on Milos. Many fragments, occasionally up to several
tons, have been brought to the éurface by phreatic
explosions, and to a lesser extent, also by volcanic
eruptions.

_The almost ubiquitous presence of these
xenoliths allows us to deferminé the homogeneity
of the basement underneath the\éntire islénd. At thé
outcrops the-metamofphic series appears strqngly
deformed, with narrow microfoldings; however it is
impossible to reconstruct a dominant direction for
this foliation. The contact with the overlying series,
where it is visible, occurs on a perfectly fiat, eroded
surface. |

The crystalline basement is made up of weakly
metamorphosed rocks with greenschist facies; or more
rarely blueschist facies. The prédominant rocks are
schists composed oquuartz, muscovite and chlorite,
with gradual transition to quartzites, calcischists
or to originally afenaceous rocks rich in feldspar
debris only partially transformed into albite. Taken
as a whole this series, originally made up of a frequent
alternances of clays, marnes, silts, cherts and gray-
wackes, certainly represénts a metamorphosed flysch
sequenée. »

This series of sedimentary origin contains
frequent 1éyers which were originally basic volcanites
and volcano-sedimentary products. They have now been

transformed into prasinite (mainly epidote-albite-



- 13 -

chlorite-calcite) chlbrite-schist (mainly chlorite, quartz,
actinolite, albite) or amphibole-schist (actinolite,
chlorite, albite, quartz). The presence of schists composed
almoSt'exclusively‘of chlorite, quartz and a little hematite
passing to chlorite-béaring quartzites suggests associations
of basaltic hyaloclastites with red cherts, similar to

that typical of the ophiolitic associations.

More rarely this volcanic and volcano-sedimentary
series is metamorphosed in blueschist facies. Blbcks of
these rocks ejected from a volcano are mentioned by
Vilminot and Robert (1974). The most frequent are
glacophane-schist, assemblages of albite, glaucophane,
epldote and quartz. Lawsonite and jadeite are commonly
found in these schists, but the most characteristic
(and often abundant) mineral is gedrite, a usually
rare orthorombic amphibole.

There are no serpentinifes associated with
this series of metambrphosed basalts on Milos. However,
on the nearby. island of Ios we did find serpentinite
lenses intercalated in a metamorphic complex very
similar to that of Milos. Abundant and often large
marble lenses are found intercalated in the metamorphic
series on almost all the Cyclades islands near Milos.

We cite Naxos, where there are blueschists as well
(Jansen and Schuiling, 1971), Paros, Antiparos, Phole-
gandros, Sikonos, Ios and Santorini. On Milos there

.are no outérops of this marblé, but their presence -

in the metamorphic éef;es is indicated by the occurrence

of a few xenoliths brought to the surface by explosive
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volcanic eruptions. _

With respect to the age of this metamorphic
suite, the fact that we are dealing with a flysch
intercalated with ophiolitic rocks leads us to suggesf
an Alpine age, probably Cretaceous, by analogy withl
similar flyschoid series of westefn Anatolia and
continental Greece. Only one relatively significant'
datum is available. A sample of metamorphic graywacke
contains chromite granules..This sandstoﬁe must-therefore
have been formed when the.mbre—or-less serpentinized
peridotites of the ophiolitic suite had already been
displaced and emerged. On continental Greece this
occurred in the Middle Cretaceous (Guernet and Parrot,
1972). |

In regard to the age of the marble lenses,
they may be of any age, since we are'dealing with
exotic blocks enclosed during the movement of the
flysch nappes. Theif age varies from the Carboniferous
to the Jurassic. ;t is extremely likely that the ophiolitic
suite enclosed in the flysch are those well-known of |
Upper Jurassic-Lower Cretaceous age. Older ophiolitic
suites are not known with any certainty in the Medi-.
terranean basin, even if several old geological papers
dealing with Greece and western Anatolia mention ophiolites
connectéd with Hercynian orogenesis.

Some radiometric dates of metamorphism are
available. A K/Ar determination carried out on the
glaucophane of the blueschist facies gave 64.2 m.y.

while the muscovite of the greenschist facies gave 33.2 m.y.

e



(Fytikas et al., 1976).

Blueschists belonging to autochtonous or
dislocated metamorphic formations have been found,
as well as in the western Cyclades, also in Crete
(Schubert and Seidel, 1972) and further north in the
island of Syros (Dixon, 1972) and in Euboea (Guernet,
1972). This approximately north-south alignment of
high-pressure metamorphic rocks suggests a paleosuture
parallel in direction to the Hellenides, and hence not
corfééponding to the present geological situation
(Auboin, 1973). -

No detailed study has been made either of the
distribution of blueschists in the much more abundant
mass of greenschists, or of the relationship between
these two metamorphic facies. Therefore we are unable
to determine whether the infrequent blueschists are
fragments of rocks affected by "subducticn metamorphism”
incorporated into the more Superficial crystalline

suites, or whether they are residual parts not transformed

ey

‘imto'gréonschists because of the gradual rising of
isotherms in the course of the evolution of the plate
booﬁoary.iThis type of study was, in fact, not considered
necééééfyrto the geothermal aim of our research. ”

| In any case, the age of the blueschists (65 m.y.)
indicates the beginning of the compressive phenomenon,
and that of the greenschists (33.2 m.y.) indicates its
end. This period of time is generally accepted for Alpine
metamofphism, and therefore it is to thio orogenesis,

and not to the Hercynian one, that one must attribute
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the southwest Cycladeé basement. The Alpine age of the
crystalline basement obviously renders unacceptable
the Cretaceous-Eocene age of the non-metamorphic
transgressive series overlying the basement, as had

been tentatively suggested by G. D'Erasmo (1924).

The Neogene Transgressive Series - In the southern and

southwestern regions of.Milos there are outcrops of the
Neogene transgressive series overlying the metamorphic
basement. In the southeastern outcrops, more recent
volcano-sedimentary producté lie directly over the
metamorphic complex. The marine transgressive series
either was not formed at all in this area because it
remained emersed, or was formed but later completely
erodecd. No definitive evidence has been found to
establish either hypothesis; however, the authors
believe that the first is more likely, i.e. that the
marine Neogenic transgression did not affect the highest
parts of the island.

The presence of this sedimentary series below
the volcanic cover is certain in the centfal part of the
island, both because there is a small outcrop and because
many blocks of Neogenic fossiliferous limestone have
been ejected by huge phreétic explosions to the nofth
of the village of Zephyria. This suite was also found
at more than 700 m depth in the "Adamas 1" well, but
is lacking in the '"Zephyria 1", where the volcano-
sedimentary suites 1ie directiy over the Crystalline

basement.



- 17 -

The Neogenic transgressive series is composed
of a conglomeratic part whose.color ranges from grey to
reddish and whose total maximum thickness is about 30 m.
The suite is made up of irregular alternations of
conglomeratic layers with pebbles having a’maximum diameter
of 20 cm (average 3-8 cm) and of layers of sandstone
with smali pebbles. The majority of the pebbles are
quartzites from the underlying crystalline basement;
schists are less frequent. The cement of the donglomerates
is arenaceous and reddish, often impregnated with gypsum,
Instead the sandstone layers afe grey, rarely calcariferous,
sometimes rich in gypsum both in small lenses and in veins.
Some small conglomeratic layers are found intercalated
in the overlying limestone formation.

The limestone part of the transgressive series,
which has a maximum- thickness of 150 m, is éxtremely
varied in composition. Mbst prevalent are grey limestones
in layers of 1 to 2 m, full of mollusk molds, mainly of
bivalves. Occasionally the fossils are in such abundance
as to constitute typical lumachels. These latter have
the appearance of travertine due to the dissolving of
bivalve shells without subsequently being filled with
célcium carbonate during the diagenetic phenomena. Layers
rich with coral and calcareous algae are less frequent.

Towards the base of the formation marly and
arenaceous yellow limestones are prevalent, in thin
layers of 20-80 cm. They also.abound with microfossil
molds, usually poorly preserved. There are many gypsum

lenses and veins, especially in the lower part of
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the formation. _ ‘
As stated above, this suite had been tentatively
dated as Cretaceous-Eocene (b'Erasmo, 1924) on the basis
of lamellibranch molds. However, a preliminary study of
the microfossils (E. Patacca, pers. comm.), and particularly

the presence of Elphidium crispum (Linné) indicates an

age no older than Miocene. Another researcher (E. Mirkou,

pers. comm.) has found some Sphaeroidinellopsis Sp.,

microfossils which are typicai of the Lower Plioéene.
This series of Neogene age does not contain

any volcanic elements; furthermore it was already emersed

and eroded when covered by the first volcanic products.

This is an indication of the very young age of all the

volcanic activity of Milos.

Volcanic Activity and Volcanic Products - Volcanic and

volcano-sedimentary products cover the'island of Milos
almost entirely. Where visible, their thickness is
often in excess of 400 m; in the "Zephyria 1'"well 250 m
were found and in "Adamas 1" more than 700 m.

Volcanic activity began on Milos‘between the
Late-Pliocene and Early Quaternary. This age is certainly
anterior to 1.5 m.y. determined by the K/Ar method
(Fytikas et al., 1976) on an obsidian from Mt. Bombarda,
a lava dome more recent tﬁan many tuff and tuffite
outcrops on the island. Many indications, however, lead
us to believe that it is no older than 3 m.y. We mention
for example that the humerous macrofossils found in the
oldest tuffites (D'Erasmo, 1924; G. Tavani, pers. comm.)

all belong to living species. wé also recall that, as
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previously stated, Volcanic activity began after the
emersion of the Neogenic suite, and, further;'a recent.
age is in agreement‘with some general considerations
on the age of all the volcanism of the Aegean arc and
on subduction rate (Fytikas et al., 1976).
~ The reconstruction of the volcanic phenomena

on Milos is extremely difficult and often impossible.
The main reasons for this difficulty are intense
disjunctive tecton;cs, which frequently éagsed'
tilting of many-blocks} and deep hydrothermal
transformations of a considerable part of the volcanic
products, in particular the pyroclastics. Moreover it
is still not known whether these products afe all
derived from volcanic activity on Milos itself. At
least some of the pyroclastic deposits, in fact, could
also derive from the nearby volcanic-islands
(Kimolos, Poliegos and Antimilos) or from the Anones
cliffs (8 miles SSW of Milos).which we recognized
as a volcahic center. Furthermore, the very abundant
fine products cOuid also derive from the ‘island of
Santorini or from even more distant volcanoces. A
study of the provenance of such material was not
considered essential for'geothermal purposes, and
in any case would be extremely difficult.

" Volcanism began on Milos with important
vsubaerial explosive activity, the products of which
cohditignéd the paleomorphology of the island. These

products consist of various types of pyroclastics,
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deposited both in a subaerial environment and in shallow
sea. Among these products we find nice pumice flows, with
huge pumices (over 1 m in diameter) and abundant pumice
falls with a thickness often in excess of 15 m. The

fine products (ash and volcanic sand) are more abundant,
especially tuffites rich in macrofossils (mainly lamel-
libranchs and echinoids), which occasionally alternate
with less abundant subaerial tuffs. The large quantify
of very fine ash in the marine deposits hés_often '
produced characteristic and‘sometimes spectacular
slumpings caused by fluidification under load. These
slumpings, however, are always of limited dimensions
which do not disturb the general regularity 6f the
volcano-sedimentary deposits.

Above this suite there is é sillar-type
ignimbritic episode, limited to the SSW areé of the
island. The paleosocls are numerous, indicating frequent
breaks in volcanic activity.

Numerous but rarely large lava domes and less
frequent lava flows follow this explosive activity in
the central and especially the western parts of the
island. Each one of the effusive episodes appears
to represent the end of a cycle of activity which
began with the ejection of pyroclastic products. Only
rarely (eg. the lava dome and the lava flows of Kastro,
near the village of Plaka) does the effusive activity
appear not‘to have been preceeded by products of explosive

origin. Associated with the lava domes we often find
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breccias and typical nuée ardente deposits. Mudflows
(lahars) are also common, but in general not of great
extent. For a detailed description of the products of
the explosive and effusive activity in various parts
of the island we refer the reader to the paper by M.
Fytikas (1976a) and to the geological map (Fytikas,
1976b).

Towards the end of this stage of activity é
peculiar product was formed; it forms a layer extending
throughout the island and was found in bothAthe deep
drillings as well as in several thermometric drillings.
Since it is so widespread, this layer, which we have
called "green lahar", has permitted us to make stra-
‘tigraphic correlations which would ctherwise have been
impossible.

The green lahar forms a layer limited from
both above and below by flat surfaces. It lies over
voicanic products'of various types and also directly
over the totally flattened crystalline basement (Cape
Spathi area in the'southern region of the ‘island).

The green lahar is covered ‘only by fairly recent
volcanic products and alluvial deposits of the
Zephyria plain.

The layer is génerally only a few meters thick,
but it éan be as much as 60 m. The green lahar 1is made
up of a chaotic mixture, without any trace of classafion,
of fragmenfs of varying dimensions. Almost all of them
are angular and show no trace of rounding phenomena;

only rarely are they perfectly round. The average size
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of the fragments is approximately 10 cm, but they are
occasionally much larger (up to 70 cm). The smaller
fragments become mixed with the clayey-sandy mixture
of fhe non-abundant cement. |

Among the fragments, the greenschists of the
crystalline basement predominate; blocks of lava and
Neogenic limestones areﬁless frequent. The rounded
pebbles mentioned above are almost all quartzite
and probably were a part of»the Neogenic transgressive
conglomerate. The components of the cement are, in part,
smaller schist fragments and, to a lesser extent,
volcanic ash. It is the schists of the cement which
give the layer its characteristic green color.

The origin of this peculiar layer intercalated
in volcanic formations has been reconstructed as follows.
During the volcanic activity of the first period, what
is presently the island of Milos extended further south
with an elevation formed b& a crystalline basement,
covered by its surface disgregation products and, here
and there, by conglomerates and transgressive Neogenic
limestones. A residuum of th'is metamorphic elevation
is represented by two small islands, Prasonis and Ktenia,
now located to the south_of Milos and both formed of
crystalline schists. A violent, explosive Volcaniq
eruption created a thick deposit of ash on this meta-
morphic relief, perhaps accentuated by an abrupt
tectonic uprising. Rains aftér the eruption caused

a mudflow (lahar) in which all the debris (consisting
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mainly of schist) was carried down the slope and distributed
at the bottom over a wide area. This rather uncommon deposit
would thus seem also to be an indication of an important
tectonic phase of a very recent epoch, a fact which is
significant for the convective circulation of fluids

heated in depth.

After the fofmation of‘the green lahar the last
volcanic episodes of Milos occurred. These led to thé
formation of the big Fyriplaka crater with its huge lava
flows in the central-southerh part of the island, and
of the Trachylas volcanic center. to the northwest of
the village of Plaka.

The age of Fyriplaka, determined by a K/Ar
dating of the biotite of a rhyolitic lava, is 0.48 m.y.
These two gigantic eruptions conclude the volcanic activity
on Milos. Both are formed of perlitic products with
‘rhyolitic composition but whereas the Trachylas crater
is only minimally préserved; having been destroyed by
several large lava flows, the Fyriplaka crater, placed
directly onlthe crystalline basement, is very well
preserved. Its internal diameter is 1.700 m while the
height of its rim is only 220 m over the base. It is
open towards the north ﬁhere a large flow issued,
followed by'a gigantic lahar which partially filled
the vasﬁ Gulf of Milos. The crater is made up of thin
layers composed of perlitic lava blocks of varying
dimensions 13—15 cm), associated with a much finer

mass of small perliﬁic fragments. Both the shape of
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the crater and tﬁe appearance of the erupted material
show a striking analogy with the hyaloclastitic deposits
produced by the submarine basaltic volcanism (Tazieff;
1972). '

We have no proof that Fyriplaka was formed by
a submarine eruption; on the dontrary, all the evidence
points to a subaerial eruption. Probably this type of
perlitic fragment similar to hyaloclastite depi§es'from
the intersection between rhyolitic magma and large
quantities of water in areas near the surface phreato-
magmatic eruption. We therefore consider the Fyriplaka
eruption as further proof of high permeability due to
fracturing of the crystalline basement of Milos.

From a magmatological point of view, the products
of the volcanic activity of Milos fit perfectly into the
spectrum of calc-alkaline magmas typicai of island arcs.
In fact, all the rocks which have been analyzed (Burri
and Soptrajanové, 1967) belong to a low-potassium
andesitic suite; their composition ranges from lOWf.
silicavandesite (5102:55.8%) to plagioclase-rich
rhyolite (Si02=75.1%). No special evolution through
time has been noted for the magmas of Milos. The initial
pyroclastic products are certainly very silicic (from
rhyodacite to rhyolite, as Sonder, 1924, had élreédy
obéerved); but they are followed immediately by materials
both rich and poor in silica and the final products are
the most silicic of the entire volcanic activity. All the
volcanic products are strongly porphyritic. This fact
indicates an important heat diséipation during the magma

uprising to the surface.
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Even though thére‘are no strgntium isotope
'determinations, all the chemical éndjpetrographical
'data lead to the conclusion that the rocks of Milos
. belong to a differentiation trend of the same andesitic
magma‘of deep origin.
‘No abnormal feature, sucﬁ as the presence of
peculiar xenécrysts or xenoliths of deép origin, was
observed at Milos indicating significant interaction
 »between the magma and the continental crust, as has
been proposed for Santsrini, on the basis of sfrontium
isotope ratios (Puchelt and Hoefs; 1971) or, for example,
- for Kos, on the basis of the occurrence of melted crustal
vmatter (Keller, 1969). | '
‘ Such phenomeha, important for geothermal
exploration because they denote an impoftant heat anomaly
~_near the surface, are present on the islands near Milos.
On Antimilos, for which there is only bfief geological
and petrogfaph;cal description (Marinos, 1960), the
-authors found humerous laQa flows rich in enormous
quartz crystalé (2 6m5, associated with volcanic products
of'fhe classic andesitic suite. These rocks have a compo
sitibn ranging from two pyroxenes iow—silica andesite
to pyroxene-biotite rhyodacite; they are lacking in
K-feldspar and rich in micrdxenolitﬁs. Petrographical
'observatiohs strongly suggest that these large quartz
‘megacrysts are xénocrysts. In fact, they do not seem
to be in equilibrium with the liquid; in the moré basic

rocks they are surrounded by a clinopyroxene reaction
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rim, while in the more silicic rocks they are sthongiY”f
corroded. Moreover, a very yoﬁng flow which reaches the
sea on the eastern side of Ahtimilos.is constituted by
two' types of rocks, a low-silica andesite, black and -
without -quartz xenocrysts and a more silicic dacite,
light7inlcolor and rich in quartz. These two'types of
rocks afé associated in fhe same flow as the streaks
of "schlieren" in anétectic-gqanites. ' :
Oon the island of Kimélos,'sepafatgd from
Milos only by a few Km-of,Sﬁa;low sea, the'history
of volcanic activity is characterized by a vefy violént
exﬁlosivé episode. This explosion brought to the Surfacé'
abundant granite blocks, occasionally weighing several
tons. They are very fresh rocks, rich in K-feldspar
and with few mafic minerals (biotite and sometimes
amphibole). The high-temperature optical chéracter
of the K-feldspar, the lack of pleochroic halo around
zircons included in>thé biotite, the thick zoning of
the plagioclase and a K/Ar dating attempt all suggest
that these ejecta'are part of a superficial intrusive
massif. This stock seems to be connected to the calc-
alkaline magma of the island arc, and hence very young.
The authors consider these two examples of‘An—
timilos and Kimolos as clear indications of the presence
of a vést anq significant superficial thermal anomaly
in the whole group of islands of which Milos is the

most important;
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- Alluvial Deposits - These deposits are scarce and not

very widespread on Milos. The most important accumulations
are to be found on the Zephyria plain, in other more
"limited flat areas of the island and onn the floor of
valleys. With the exception of the Zephyria plain,

where the deep drilling crossed some tens of meters

of alldvium, these deposits are not very thick. This

is due to the recent age  of the volcanism, to the
morphology of - the island, to thé scarcity of precipitation
and to theée bermeability of the more superficial volcanic
products. One must also recall that the islahd is in a
stage of slow submersion and probably the greater part

of. the peripherical alluvial deposits are by now below
sea’ levels.:_

These deposits are mainly made up of products
of- volcanic origin. Fine materials often converted into
clayey minerals and sandy materials predominate over
coarser products, permitting limited agriculture here
and there. Since these deposits have no significance=
for geothermal exploration, they were not studied in
_detail. ' o '

Tensional Tectonics - It is clear that the rising of

magmas in the volcanic belt of island arcs must be
connected with disjunctive tectonics, which seems

to contrast with the compressive regime related to
converging 1ithospheric plates which provokes crustal
' reduction. Actually, at about 200 Km from the trench,

where the volcanic belt is formed large normal faults
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w1th curved surfaces cause a sinking of blocks towards
the. trench ‘The rotation of these blocks is favoured by
hydrostatic phenomena and may allow enormous quantitie$
of magma to be 1ntroduced into the‘deeper parts of-the
crust| these decrease progressively towards the surface
because of: the narrow1ng of ‘the. faults (Marlnelll, 1975)
These masses may rest for a relatlvely 1ong time without
erupting within "thermal traps" ‘represented by the
wedge-shaped fissure of the tilted blocks. Thesé conditicnS‘
favour crystal fractlonation because of heat dissipation‘
and hence the rising of silica;rich and iighter residual
liquids. The volcanic activity is connected to fractures
transverse to the direction of the arc. In fact, it is
reasonable to assume that along these fractures, present
in all island arcs,'there‘are-no,important vertical
movements of contiguous.blocks duehtoethe lack of
significant difference in weight. -

The model roughly set forth here also explains.
the causes of the great possibilities of differentiation__
of calc—alkaline'magmas and which may'be observed also
on the island of Milos. The stagnation of large masses
of magma at a shallow depth, beyond causing local conta-
minations with the continental crust or even phenomena
-of contact anatexis, provides an acceptable explanation
for the frequent, strong, localized heat flow anomalies
of island arcs and cordilleras, and hence for the numerous
geothermal fields which (like.Milos) are located in the

belts of active crustal reductlon on the earth.
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On the island of Milos one of the most important
fault systems is precisely that WNW-ENE which in the
north-western part of the island tends to change to E-W
and which is parallel to the direction of the Aegean
volcanic. arc. This system, clearly observable only in

the few outcrops of the Neogenic limestone series,

vcontrols the breaking of the basement into blocks with

formations of horsts and grabens of limited extent.
This tectonic ‘trend can also be-Observed_in_the volcanic

cover,where however more recent fault systems, with

different directions, are more evident. Among these, the

predominating one runs NNW-SSE practically orthogonal
to the first; its fractures probably fed the magmatic
activity.
The system parallel to the Aegean arc seems
to have caused a tectonic high of the basement all
along the southern part of the island. Along this zone,
in fact, the crystaliine;basement outcrops; also the
two islets of Prasonisi and Ktenia (which -emerge to
the south of Milbsj are formed of basament rocks.
The/aeepening of the basement towards the
north was confirmed by the geoelectrical survey carried
out in the central-eastern part of Milos by the "Com-
pagnie Générale de Géophysique". The two productive
drillinésvalsQ indicate the same phenomenon: "Zephyria 1“’
located more to the'south reached the basement at ~240 m
below sea level, while at "Adamas 1", more to the north

the basement was reached at almost -650 m below sea
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level. _

Tectonics normal to the arc are ihsteadt
‘reseonsible for the elevated pesition_of the basement
in the central part of the island; this is exactly
the opposite of what it would seem to be on superficial -
observation. The central part is in fact morphologically
depressed‘and, in the northerﬁ part, at.the'center.of
Milos the beautiful, large Gulf of Adamas opens up,'
This orthogonal system is very'young; and'oftenfthere
are very recent fractures which are imposed.on;oldef
ones, particularly in the cehtfal and easterh parts
of the island. |

A less important ENE-WSW system of fractures
was also revealed by the geoelectrical survey. The
NW-SE direction is still less diffuse, and.was not
revealed by the geoelectrical survey..It is possible
that this system is eonnected to the rejuvenation'of'
old faults of the crystalline basement which are
common to the entire Pelagonian zone of which Milos'
is a part. . v | v

Thede four fault systems determlne a breaklng-
up of the basement and overlying series into fault-
blocks which can be very small. Some of them (e.g.
that made of crystalline-rocks outcropping ENE of the
village of Zephyriaj are so strongly vertically dis— -
located as to suggest possible local weight adjustments
on underlying lighter viscous.masses. A similar pheno=

menon has been described in the geothermal region of
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Larderello in Italy {(Marinelli, 1969).

This particular‘disjunctive tectonic style caused
the formation of the Zephyria plain, the only large de
pression on the island whiqh resembles a graben, with-
~an Jalmost.:maridiap direction.’A true small graben is
that of the Isthmus of Probatos. No trace of recent
folding ﬁheﬁomenafwas"observed‘on1Milos; ‘

The oldest disjunctive tectonics of Milos almost
certainly took place in the Lower Pieistdcene; it
corresponds to the "Walacbian‘thSeﬂ, Kknown in almost
all the Aegean islands. Theéé'tectonics must. have deter-
mined continuous and independent uprising and sinking
of individual bloéks. Only such movements can explain,
in’facﬁ, the alternation and horizontal discontinuity
of the volcano-sedimentary préducts deposited in the
sea and of the subéérial products. The most recent
tectonics, i.é. thosé successive to the emplacemeﬁt
of_ﬁhé green lahar, must have instead led only to a
progressive lowering of'thebwhole island witﬁ-the
sinking below sea'lével of the southernmost areas. .
This 1oweriné'of the island has continued into |
histori¢ times, as clearly demoﬁstratéd by the
discovery in many places, especially within the Gulf
of Adamas,  of ancient buildings down to 5 m below sea
level. ‘ o H

Moreover, direct proof that the island of Mi-
los is located in a~région of active tectonics is,giveﬁ
by its earthqdake activity. Twenty oddvimpbrtant (even

if not disastrous) earthquakes have been described from
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1738 to the present;'but'certainly no trace has remained
of many others, given the deafth'and fitful character |
of local chronicles. In 1918 ah earthquake with magni-
tude comprised between 2.8 and 4.8 (Drakopoulos and

" Delibasis, 1975) razed many houses and'opened new
fumaroles. In 1971 there has been a seismic crisis
lasting five days with an average_of 13.shocks per.

hour with a very superficial hypocenter (about 5 Km) ,

a "b" value of 1.2 and‘M2=243 (Drakopoulos and Delibasis,
1975). The most recent_important'Seismic episode océurreg
in 1975, apparently of the sémé type as fhat'of 1971

(N. Delibasis, pers. comm.).

Volcanism mainly conhectedAto isolated eruptivé
episodes, of both Cehtral and fissural type, and the con-
sequent lack of complex large volcanic centers are
probably the cause of the lack of important'volcano—tectonic
events on Milos. No trace either of calderas or of sector-
grabens was observed on the island by the authors. The
large Gulf of Adamas, considered a caldera by some |
writers, is actualiy only the result of the lowering
of féult—blocﬁs. The gentle slope of the coast and of
the isobaths, the.total lack of faults with curved
rims and the very irregular shape of the gulf exclude
that it may be related to a caldera collépse.

. The dense network of fissures and faults in
“the crystallihe basement caused by recent and still
active disjunctive fectonics-is an extremely.important
clue for the existence of a geothermal field._These ver-

‘tical fissures, in fact, permit convective circulation
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of fluids heated at depth, creating a sharp rising of
the isotherms. Furthermore, continuous tectonic activity
prevents "self-sealing" phenomena (Facca and Tonani, 1964;
1967) from interrupting this circulation.vTectonic
phenomena in fact may either reactivate circulation in..
sealed fissures and open new fissures.
ACTIVE THERMAL MANIFESTATIONS |

' Active‘thermalfmanifestations are numerous
on the island of'Milos, but they are all small. They
may be divided into fumaroles,. hot Springs, and hot
grounds. _ '

Many of these manifestations were already known,
while others were located by the- authors through accurate
and detailed research The main subaerial manifestations
‘are shown in ‘the geological sketch included in the
appendix and on the geological map'ofAthevisland
(Fytikas, 1976b). |

There are'many'fumarole fields, but they are'
all small in size and discharge. They are found eSpecially
in the central-southern part of the island, where.the
volcano—sedimentary cover is~thin'or_1acking. in fact,
the most important come out’ of rhyolitic domes (Vunalia,
| Kalamos, Agrilies) or out of fractures in the crystalline
.basement, covered by a few meters of pyroclastic
sproducts (Aghia Kyriaki, Pyromenes, Palaeochori).
all these places the temperature of the fumaroles ranges
from 98°C to 102°Cr‘0ther weak emissions in areas where

.the'volcano—sedimentary'covervisythicker_are found at
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Kastdnas (86°C) along ‘a fracture on the rim of a
phreatlc explosion crater, and at Chazou Thlafln (100°C),
NE of Adamas. Besides steam, the fumaroles also .emit
002 and st which oxidizes, depositing{acicular
sulfur. _

The thermal springs are relatlvely numerous,
but with small flow. Almost all of them come out on,
the coast, slightly above or below the level of the'
'sea. Their temperatures vary from 30°C to 75°C but the
measurements are often inexact because of the bad
isolation from seawater. Many wells dug on the island
contain drinking water at a temperature higher than
the average annual temperature of thevisland.

No hydrogeochemical survey was carried out
on Milos. Even though this type of research is almost
always extremely significant for geothermal'exploration
the authors felt it was not necessary for the preliminary
exploration of Milos. 0ld analyses and some recent data -
indicate that all the thermal waters of Miloé are salfy,
with a salt contenf always less than that of seawater,

Hot grounds are also frequent on the island
of Milos and, unlike the fumarolés and hot springs,
were almost unknown. They are to be found inside the
large Fyriplaka crater, in the southern part of the
island; on the Zephyria.plaih, along the easterp coast
~and near Adamas. Many dry mining tunnels have hot walls
as well. The maximum temperature méaSuped in’fheseAhot-

grounds (placing the thefmometer at a depth‘of 30-40 cm)
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is 100°C. .

Other thermal manifestations are submarine gas
‘emissions,,vefy widespbead around the island. No syStematic
study was made on them, but it is known that they are’
very frequent in the Gulf of Adamas ahd near the southern
coast, eSpecially near the Kalamos rhyolitic dome. It
‘has often been ascertained that this ges is kot (or
perhaps associated with submarine hot springs), but
the authors did not believe it necessary'to complete
‘detailed studies on this type of‘manifestafion“

Systematic and accufate search for manifestations,
temperature measurements and the sfudy of geological causes
which brings them to the surface were considered importent
- for a preliminary evaluation ef‘the geothermal potential
of various parts of the island. But different considerations,
especially regarding the thickness and impermeability
of the cover,_determined the choice’ of the drilling .
sites. So both "Zephyria 1" and "Adamas 1" were drilled.
in zones completely lacking active or fossil thermal

manifestations.

FOSSIL ‘THERMAL MANIFESTATIONS _
 On the island of Milos in recent times a very
important and widespread hydrothermallactlvity has
developed. This activity has led to the formation of
numerous mineral deposits, both by the transformation_"
of already existing products and by the deposition and.

concentration of new phases.
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Hydrothermal action 1s extremely widespread on
the island; its most noticeable effect is the transforma-
tion of all volcanic products, but especially the .
pyroclastic series, into clay minerals. The ‘nature of
phyllosillcate which is formed is clearly controlled
by the chemical environment,. and not by - the fompos1tion
of the: magmatic products. ‘ _ )

‘ While the inténsity of the tranSformationivaries-
in function of the type of Volcanic product (scarse in.
lava domes, maximum in vitrous ashes), the stable phasea
of phyllosilicate is a direct function of the pH of the
hydrothermal solutions. -

In deeper environments the alkaline nature of
the solutions is responsible for.the "bentonitization"
of the volcanic rocks, i.e. the transformation first of
glass and groundmass and then of phenocrysts into._
almost pure montmorillonite (Franzini et'al , 1963).

In a recent paper W. Wetzenstein (1971) maintains that
this transformation into bentonite took place under.

the sea, and that therefore the phenomenon is con-

nected with an episode of general subsidence of the island.
Aside from the fact that the stratigraphic studies

carried out by one of the authors (Fytikas, 1976a) tend

to exclude the presence of submersion episodes' affectihg
the whole‘island, there is absolutely no need to éo under
sea water to obtain bentonite deposits by hydrothermal
action on volcanic products belonging to the‘calcéalkallne

suite. In this regard, it is sufficient to recall the
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oacurrence, in the nOrthernvpart of}the island, of
numerous tuffitic layers rich inwmacrofossils~which are
trahsforﬁed into kaolin and not into montmorillonite.
Moreover, in all the numerous zones of mineral exploitation
it is possible to observe a sharp passsge between the

lower behtohitic ZOQe; light—green in color, and the upper
kaolinnic"-‘zohe, white with red veins (Voreadis, 1958).

This passage is clearly linked to a hydrostatic level,

which coincides with the mixture of hydrothermal solutions
with oxygen-rich ground water. The oxidation of H_ S to

2
H,S50, sharply lowers the pH of the solution stabilizing

tﬁe iaolin instead of the;montmorillonite; The veins
andAthe 1mpregnations of.poorlyfhydrated (and therefore
red) iron hydroxides suggest that the transformatioo
process did not occur under the sea.

Besides kavlin, the oxidation of H S determined
the formation of abundant alunite and occasionally also
small impregnations of sulfur. Sometimes the oxidation
of HQS led to Such low pHilevels as to remove as sulfates
all the metals of the VOlcsnites. The residue, consisting
.of white_silica similar to geyserite, is exploited
especially in the western part of the island. The
numerous small deposits of barfte, resulting from the
,conceﬂtration of the small'quantities of barium in the
-~ volcanites, probably also owe their origin to the.sharp
increase in aotivity of thé sulfuric ions which reduced
the solubility of barium sulfate. Together with barite';'

small quantities have been fouﬁd of galena, ahglesite
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and other minerals (Liatsikas, 1955). A rather pebuliar
deposit is located in the extreme NW of the island. It
is a rhythmical hydrothermal déposit of barite and
manganese minerals (mainly hollandite; a Ba-bearing
Mnoé) in a pyroclastic series sedimented in the sea.

. It is difficult to determine at what temperature
these equilibria of hydrothermal phases were foﬁmed,
Probably at the beginning it was somewhere around 100°C.
As the hydrothefmal transfofmations reduced by "self-
sealing" the high permeability of the volcanic and vol- -
cano-sedimentary products, the cover acted more and more
as.isolation between the deep circulating fluids and .
the more superficial ones. Thus a slow and progressive
rising of the isotherms took place. Of this we have

convincing and spectacular proof: phreatic explosions.

" PHREATIC EXPLOSIONS

This term refers to all those explosions caused
by the pressure of fluids of superficial origin in which
there is no intervention of magmatic gases. These explosion:
craters vary in size (up to 2 x 1.5 Km for the explosion
of 1933 in the Pematang Bata Valley in southern Sumatra,
Indonesia; Neumann van Padahg, 1951) and eject only old
material (of volcanic or other origin) without ever
expelling fresh magmatic material. In the aforementioned
eruption of Pematang Bata besides the gigantic 2 x 1.5
Km crater, another was formed of 1 x 0.75 Km and a
hundred oddAsmaller ones in én area of 5x 15 Km. The

volume of the ejected material (mud and stones) was 0.21 Km3
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i.e. much more than ﬁhat_of an effusive volcanic eruption
such as that of Kilauea in 1959 (0.15 km). These data
are set forth in order to make‘clear that.phreatic
explosions, not caused by contact between magma and
ground‘waters (énd hence called "hydrothermal explosions’,
by Muffler et al., 1971), can be very powerful and
produced Sy:fluids under high pressure and hence-at
a very high temperatﬁre. | '

A phreatic explosion takes place when the-
lithostatic load of an impervious cover becbmes iowerk
than the boiling pressure 6f tﬁe—hot water of a reservdir.
‘The lowering of the temperature of the fluid during the
explosion due to adiabatic expansion is in part restored.
by the heat of the solid products which are mixed with |
the steam (Goguel, 1975). An extremely simplified
example of this phenomenon is the following. Below an
impervious cover 400 m thick (2.5 x 40 = 100 Kg/cm2
of lithostatic pressure) a reservoir of pure water
can reéch a temperature of only 309.5°C (boiling
pressure: 100‘Kg/ch2). If the temperature is higher,
water flashes to steam and the cover explodes, forming
a conic crater whose rim is.madé up of ejected debris.

At the bottom of the crater the pressure becomes |
practically nil, and the deeper parts of the aquifer
can explode, forming an irregular cylihdfiCal deepening
of the bottoﬁvof the conic crater. |

' These successive explosions pfteh assume the

intermittency and aspect of geyser eruptioﬁs diécharging
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mud and rocks. After fhe.first‘explosion the geyser-
type explosive activity‘does not modify the diameter
of the crater but increases the rim-deposits and'may’
last fqr a rather long time. In the above mentioned
phreatic activity in southern Sumatra (Pematang Bata)
the exﬁlosions lasted for 27 days. In the Aegean island
of Nisyros, a cyclé of phreatic eruptions began in
October 1871 and ended in chober 1873 without aﬁy
significant interruptions in the course of these two years
(Gorceix, 1874). .
° This simplified model does not take into
account several important factors, such as the cohesion
of the cover, the salinity of the water and the quantity
of water near the top of the reservoir (this depends
on the permeability of the aquifer and controls the
possibilities of explosion). Moreover, it does not
take into account the fact that a total formational
impermeability is unacceptable in region which, like
geothermal fields, are all tectonically active. The
deep circulation fiuids are therefore subject to a
hydrostatic pressure which is much lower than the
weight of the overlying suites of rocks. The steam
phase may thus be present in the reservoir before a
phreatic explosion takes place.

. The.authors believe that there are two ways of
arriving,at the bottom of the impervious cover, at the
fiuid temperature necessary to cause a phreatic explosion,

The first is related to the transformation previously‘
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described for the volecanic and volcano-sedimentary
formation of the cover of Milos. We are dealing with

3 progreseive~phenomena of self—seaiing which renders

the cover impervious, isdlating the convective circulation
system and thus creating a gradual uprising of the
isotherms. In sucﬁ conditions phreatic explosions will
take plece only in a specific period of the geoiogical
evolution of the hydrothermal system. Later the system
becomes stationary, at least for a geologically brief time
(of the order of tens of thousands of years) in which

no significant variétioﬁs will occur in the heat flow

of the area.
| - The second model is instead linked to an
already existing impervious cover and to active tectonics.
A seismic crisis may suddenly open up an important

system of fractures in a reservoir with scarse vertical
permeability. A rapid rising of very hot fluids from
deeper zones will then take place. If these fluids

arrive on the top of the aquifer ap;a temperature such~
that the boiling 'pressure is higher than the lithostatie
pressure, then a phreetic explosion will occﬁr.

The authors believe'ﬁhat this second modeli

is much ﬁore common than the first. Fof example, the |
previously cited phreatie explosions at Pematang Bata
_on Sumatra and on Nisyros in the Aegean were both
preceeded by violent earthquakes.

A A third model for. phreatic explosions has
been proposed by J. Goguel (1953, 1975) The water
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table of the aquifer'can,be lqwered either because of
an overly-intense explbitation of a geothermal field
(as is happening at Larderello; Italy) or for natural
causes (for example the river erosion which lowers the
water.table in a plain). The total weight of the cover
then dimipishes and may cause an explosion. No phreatic
explosion of this type 4is known and the authors feel
‘that it is highly improbable. ' |

A comparative study.of many phreatic explosions
described in the literature has led the writers to
believe that one can roughly corrélatew the diameter
of the crater (not the diameter at the top of the rim)
of a phreatic explésion with the depth at which the
explosion took place. Once the depth is known, it is
easy to calculate the fluid temperature necessary to
obtain the explosion pressure.

This utilization of phreatic explosions as
thermal indicators in geothermél exploration must be
emplpyed with great care and requires very accurate
knowledge of local'and regional geology.

In the case of the first type of explosion
described (self-sealing phreatic explosion) the form
of the crater usually approximates that of a reversed
equilateral cone (i.e., having an angle of 60° at the
vertexj. The depth of the explosion should therefore
be equal to i%; d, that is inferior to the diameter
by a little more than 10 percent. .

For the second type (earthquake ﬁhreatic
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explosion), the depth depends to a large extent on the

network of fractures. If there are many of them, and

if the impervious cover is_forﬁed of weakly—cqhesiﬁe

rocks, the explosion takes the shape of the trunk of

a cone. The crater therefore is flat on the bottom and

the depth of the explosion méy be less than half the

diameter 6£ the crater.’ If, on the other hand, there

is only one fracture and the impervious céver is made

up of strongly-cohesive fOOQs, the crater will tend

to have the shape of a pipe, and will have a diameter

much smaller than thebdepth of the explosion.

While in the first model the éétimaﬁed temperature

should correspond fo that found at the top of the

reservoir, in the second model all we know is that

fluids of that temperature are located in depth.

There are no means to evaluate from what'depth these

fluids have risen.,However, if we accept the classical

model of convective circulation (Goguel, 1953, 1975);

the gradients in tpe reServoirs must not be very high.

Consequently the temperature at the top of the permeable

formation will be lower, but not much, than that

calculated by Studying"the craters of phreatic explosions.
» Since their age is usually unknown, one might

wonder'whether these craters repfesent thermal conditions

which existed in the past, but which no longer exist in

the'present. The authors think that this is highly

‘ improbable{'The products of phreatic explosions (mainly
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mud with varying qUanfities of larger material) are not
cemented and must have é very short life, so brief as

to be shorter than the time necessary for significant
variations in the heat flow anomalies of the area and

in the gra&ient anomaly of the site. In other words, the
evidence of phreatic explosions should disappear before
the thermal anomaly is attenuated.

Regions which have been desert for long pefiods
of time and where'erosive'acfion is hence very limited,
perhaps must be excluded from these considerations. We
mention in this regard the Danakil Depression in Ethiopia
where there is a perfectly preserved phreatic explosion
crater whose rim is formed of blocks of salt (Marinel-
1i, 1971).

On Milos phreatic explosions are numerous. The
most characteristic group is that found to the east of
the Zephyria plain and made up of several tens of small
craters having a maximum diameter of 20 - 25 m. |

These craters are extremely close to one
another and occasiohally intersect; seen from the air
they have a very characteristic lunar appearance. The
ejected products are made up almost exclusively of
rocks from the cover series deeply transformed into
kaolin and silica. Other small-diameter craters are
scatteréd heré and there throughout the island.

The most important group is located to .the
west and north of the Zephyria plain and includes

three large craters'having a diameter of several



- 45 -

hundreds of meters. The largest of these; Archendimic,
apparently represents é group of adjacent craters whose
original borders cannot now be reconstfucted because
the single rims were partially destroyed in successive -
explosions. :
The best preserved'of the three is Tyrogalas,
which hasia diameter of:about 600 m; the rim is over 40 m
above what was the gfound level before the exploéioﬁ. In
the rim we have_fbund.noﬁ only fragments of lavas and
more or less transformed pyroclasticsbof thé impervious
-cover, but also blocks of Neogénic limestone ‘and of the
crystalline basement. Given the huge dimensions of some
of these blocks (more than 10 m°) it is inconceivable
that the metamorphic material and that of the Neogenic
suite were part of the green lahar and not ejected from
their normal stratigraphic poéitions.” )
According to our rough estimates, the explosion
which formed this crater should have occurred at about
500 m depth and therefore (assuming for the transformed
volcanic cover matérial an average density of 2) under
a lithostatic load of approximately 100'Kg/cm2f According
to Mollier's Curve the boiling point of pure water at
100 Kg/em® is approximately 310°C. Astonoshingly close
,td-this are the aownhole‘temperatures measured by
extrapolation for the-"Zephyria 1" (309°C) and
"Adamas 1" (368°C) production wells.

THERMOMETRIC BOREHOLES
On Milos 48‘shallow borethes were drilled, and
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a further 15 already;existing bores were utilized for
temperature measurements. The authors wish to stress
their preference for the term "thermometric boreholes"
as opposed to "gradient boreholes!, because generally
in'theée wells it is not the gradient which is measured
but rathe? the degree of our‘ignorance regarding.
superficial circulation - of hot or cold water.

To realize this more clearly, one needs ohly-
to extrapolate two of the results of the boreholes (see
the tables'in appendix); no. 58 at 1000 m depth would
give 95°C, while no. 63 at the same depth would give
an absurd 1400°C. And it seems entirely useless to
use a curved extrapolation line. If by using this trick
we can make the temperature of no. 63 at 1000 m reasonable,
the temperature of rno. 58 will autbmatically become
absurd.

Our shallow boreholes had a different goal. The
first was located in a "hot ground" near the village of
Adamas in hopes of obtaining steam production at a shallow
depth. This actualiy happened (steam and water at 138°C
at 72 m depth) and allowed the authors both to receive
greater trust from the Greek authorities and to obtain
useful -information on the cbmposition of the underground
fluids. Well no. 1 produced almost equal quantities of
steam énd water from a casing with 3' of internal diameter.
Two months after opening, the discharge of water alone
was 760 -1liters/h, while the pressure at closed well was

L2 :
3.8 Km/cm . "'The detailed chemical data of this well,
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completed in differenf periods, are reported by Dominco
and Papastamaki (1974).'A preliminary isotopic analysis
indicates that this fluid'consists in originally meteoric
water pertly equilibrated with the oxygen of silicate or
carbonate rocks (Stahl and Anst, -1973).

Even though this well was very encouraging,
it also created some concern. It had only 15 m of non—v
cemented casing, and it continued to eject fine debris.‘

' After two monthsfthe-ground around.the well
began to cave in slightly, fissures opened up and small
fumaroles appeared. The probability of formation of a
cavern at only 15 m depth was high and, with a pressure
of 3.8 Kg/cmz, a phreatic explosion also became extremely
probable. The well was left open and the sinking of the
terrain was compensa%ed-by many tons of gravel placed
in the depressed area aroundAthe well. Six months later,
as the sinking was still continuing a diagonal well was
drilled through which 4 tons of cement were injeeted,.
plugging the pioneer borehole almost completely. The
amount of cement utiliZed demonstrated that the
hypothesis of an underground cavern was realistic
and that a serious risk had unnecessarily been run
leaving the hole open for six months.

Naturally in all the other boreholes
perforaéion was stopped when a downhole temperature g 4
of '80°C was reached in erder to avoid possible dangerous
steam leakage. Casings were introduced into the drillings"

only when necessary ‘for the stability of the ‘walls.
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The thermometric measurements were carried out with a
thermistor every 10.m..As may be séen on the map (see
appendix) these boreholes were not located on a statistical
basis. Aside from morpholdgical considerations; those
~sites Were seleeted which offered the greatest geological.
vlnterest (thermal control of the cover thickness; presence
of hot superficial aquifers, etc.). Moreover, the bore—
holes were'concentrated in the central and eastern parts.
of the island; which offered'geelegical cenditionngofé
favorable for finding geothermal resources. '

The petrographic study of the cuttings and
of the few cores (taken when circulation loss pre-
cluded cpttings) made the thermometric boreholes very
useful for a stratigraphic control of the volcano-
sedimentary series.

Given the high temperature found in almost ‘
all the boreholes, both the dry ones (about two thirds)
and those containing water, more sophisticated researeh7,
was considered unnecessary for geothermal exploration.

In several wells tﬂe temperature measurements were
repeated six months later with almost exactiy the same
results.

The lack of sharp temperature variations in
the boreholes, in particdlar the lack of irregularity
such as‘the-occurrence of a lower temperature at deeper

levels compared to upper lelvels, suggests that there is

almost no fluid circulation in the cover series. Therefore-.

this series should be considered impervious éven in those .

C
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areas where hydrothefmal altepation phenomena are less

widespread. | _ |
Assuming_in first approximation the imperviousness

of the cover and rejectinglfor theoretical reasons the

possibility thaf there may be significant lateral

variations of heat flow on such a small island, it would

seem lcgiCal to assume ‘that the 510pélof‘the thermpmefrié

curves of the borehoies 1s controlled by the thiéknéss._

of the cover. The geoelebtrical survey cdnf;rmed this

hypothesis.
THE GEOELECTRICAL SURVEY

The results of the mainly geological studies
carried out as the first étage of the geothermal exploration
of Milos gave clear\indicatiohs for the occurrence in
fhe island of favorable conditions for the presence of -
geothermal fields. However, detailed information was |
lacking on thé tectonics of the basement and on the
thickness of the imperviéus,cover. These data were
indispensable for ‘the correct siting of the deep'
exploration wells and it was impossible to obtain them
only from field observations in those areas where the
cover is thickest,‘which.are the most interesting for
geothermal exploration. Some faults of the basement |
weré in fact undoubtedly hidden by the cover, especially
by the green lahar and.by the mosﬁ recent products of ‘
 volcanic activity. | :_ 'f.*» ‘

A geoelectrical survey was then set up as being,
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in the authors' opinion, the most effective and economical
means of obtaining the’desired ipformation. A considerable
contrast could be expected between thé more resistive
basement and the volcanic and volcano-sedimentary cover
alteréd and therefore conductive. This geophysical method,
could -also confirm the already known thermal variations
within‘tﬂe cover. ' '
‘The geoelectrical_surVey was carried outlbnlyA
on the central and western parts of the island (the most
promising geothermal prospects) and gave vefy useful
results (Duprat and Fytikas, i976). We obtained in fact
fairly precise indications for the top of the substratum?
without however being able to establish if it was made
up of the crystalline basement or of the sometimes
overlying Neogene 1imestone.series. Good indications
were also obtained on the location of faults and this
has been very useful for determining the site of the

deep exploratory wells.
PRELIMINARY GEOTHERMAL EVALUATION

Before selecting the best possible sites for
deep exploratory wells, it was necessary to check whether
the geological and economicél conditions were favorable
to the.continuation'of thé geothermal research.

Geology and economics are closely connected in
a small island like Milos. At present, in fact, in spife
of numerous mines and mining_plants, the required poWeI‘now
is less than 5 MW, that projected for the near future is .

much less than 10 MW. Hence a certain doubt was justified
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as to wnether it was'worthwniie to begin the expensive
part of the geothermaluexploration’program for such a low
energy consumption..At the same time, the small size of
the island made quéstionable the possibility -of reaching'
é prodnction which would justify the exploration expenses.
and above all the risks connected with the uncertainty
of the'underground research. - |

‘Several conditions however led the authors to,
the conviction that as a whole the conditions were favorable:
Milos has a large, well protected gulf which 18 an ex-
cellent natural port. This would facilitate the establishment
of an eledtrochemical industry (e.g. soda-chlorine pro-
duction, alumina or aluminium factory); The much lower
kWh price offered by a geothormal power plant compared
with that of a convéntional or nuclear power plant
should be sufficient to justify a similar installation.

As to the amount of geothermallenergy available
on Milos, the rainfall (400 mm/year) is sufficient to
resupply an important geothermal field, assuming that tho
recharge takes plaoe where the cover is thin. Even
assuming that of the: 60,000,000 tons of rain which fall
each year on Milos only one sixth penetrates to the
subsoil (i.e., one half of the generally accepted- estimate)
the rainfall would be sufficient to recharge more than
20 wells producing, 50 tons/h steam. This eStimate of |
total utilization of water which penetrates to the
’subsoil is obviously exagerated but the partial mixing

with sea—water would increase the amount of subterranean
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fluids available. It'shopld be kept in mind, in fact,
that the disjunctive tectonics which control ‘the fluid
circulation certainly extend to the floor of the sea
surrounding MllOS. This is particularly important to
‘the south where the_crystalline.basement probably out=
c¢rops -on the sea floor. Furthermore, the surface area
of Klmolos (35 Km - ) must be added to that of Milos
(151 Km ), since it is very close and also shows _
favorable conditions for thé production of geothermal
energy. . .

Our aesessment of the situation was shared by
the Greek authorities, and the Public Power Corporation
decided to effect some deep. exploratory drillings on

Milos.
SELECTION OF DRILLING SITES

The results of the exploration stage described
in the ﬁreceeding sections led to the selection of 4.
sites for deep exploratofy drilling. Three of them were
located in the Zephyria plain and one to the NE of Adamas:
The geological reasoning behind these choices is as
follows, keepingbin mind that thé selection was effected
by exclusion, i.e. the rejeetion of those areas which seemed
less févorable for the lack of one er more of the prereé
quisites for a geothermal field.

First of all we considered the volcanic covef;
It may lack in some.plaee or ;t may be present, but net
impervious..For this reason we rejected thdse southern

and southwestern areas of the island where the basement
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or the overlying Neogene_limestone series outcrops. These

areas are perhaps not entirely‘negative, due to the

scarse formational permeability ef the weakly-metamor-

phosed schists, but.they are certainly not‘ampng the best.
We then excluded the entire western zone of the

island. Here self sealing phenomena in the coyer are

comparati§ely less important than in the rest of the

island, and moreover there are a great many recent"

lava domes. These domes are extrusions of very viscous

magma which pilerce the impervious cover entirely. Since

cooling causes a diffuse lava fracturing,,the domes

represent ‘an important way for percolation at depth of
cold surface waters. ‘

We then discarded the areas in which the cover
is present and impervious, but too thin. This is the
case, for example, of the area to the east of the vil-
lage of Zephyria in which the largest group of phreatic
explosion: craters is located.  The small diameter of these
craters (10 to 20 m) suggests a cover thickness of a few
tenslof meters. The absence of blocke of deep provenance
(schists and Neogene limestones) among the products
ejected’by these phreatic eXplosions suggeSts convective
circuiation in the aquifer due to scarse fissuring or
to self sealing in fhe fissured zones.

' We further regected all those areas with active
superfic1a1 manlfestations, as this is also an evident
indication of_a localized lack of_imperviousness. Also

in the central and ‘eastern parts of the island we discarded
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all the areas where iava,domes.outcrop and obviously

those areas where we had no information at all (e.g.,

the northern tip of the island, cOmplefely_covered by large
lava flows of perlitic rhyoiite). ,

This first evaluation left us with a most promising -
area of oply about 30 Km2. On this we continued the pro-
gressive reduction, utilizing other data, especially
tectonic ones (imporfance'and recent age of faults.de-._
termined from photdgeologicél study and ground check and
results of the geoelectrical survey). We'fufther utilized
data on the top of the substrafum, also obtained through
the geoelectrical survey, and data from the thermometric
-boreholes. We thereby reduced the 30 odd sz to about
i2 Km2, 8 on the Zephyria plain and 4 just to the east
of Adamas. |

The Zephyria plaiﬁ offers a high of the sub-
stratum (top at 250 - 300 m beneath the ground level)
and has a cover made exclusively of volcano—sedimentary~
prodgcts without any volcanic centers. The cover is
clearly very impervious, as indicated by the lack of
superficial manifestations, Very_low values'of the
apparent resistivity and the thermometric data with
high downhole temperatures and regular thermoemtric
curves., | .

' The Adamas zone shows the same characteriétics
as the Zephyria area, but rather more attenuated by .the
fact that the cover ‘thickness is greater (500 - 550 m
below sea level). Moreover, thermometric hole:: no. 1

produced water and steam with 138°C at only 72 m.
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None of the geological or geophysical techniques
used had given any 1nformation on-the permeability of the
reservoir. The best reservoir would undoubtedly be offered
by the transgressive Neogene series, but there was no way
of-knoWing whether or not this is present below the cover,
Beneath the Zephyria plain we could reasonably hope to
find thisiformation because of its occurrence in the
nearby area of powerful phreatio'explosions. But'tnere'
was no information available for Adamas. The deep
exploratory drillings actually found this series at
Adamas and not at Zephyria.

If the Neogene limestones were not present,
one might hope that the drilling would reach some of
the marble lens present within the metamorphic basement,
or a layer of calc-schist or-quartzite. These metamorphic
products, being competent rooks within incompetent ’
schistose levels should be greatly fractured and therefore
could form a fairly good reservoir.

Since these latter formations are lentiform and
'hence have no horizontal continuity, it was however deemed
more prudent to site the drillings near important faults.

Following these criteria and utilizing the -
geoelectrical data, three sites in the Zephyria plain
_.were selected, of wnich Only’one was drilled. In the
“Adamas region, however, beyond the aforementioned
criteria we also kept the drilling at some distance from
the inhabited erea,'in order ‘to limit to a minimum any

possible damage from a drilling accident. An area almost
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100 m above sea level was selected to preclude the risk ‘~,
that steam production at shallow :depth might spoil the

perforation.

DEEP EXPLORATORY DRILLING

.' Since the'Public Power Corporation agreed to
effect Pwo deep eXplorapion drillings, it was'decided to-
do one in each of the two promising areas. For the Zephyria
plain_the most central of the three possible locations |
was chosen. Here, in order to_avoid the risk of,stéam at
shallow depth, a borehole (no. 56) was drilled; at 80 m
depth 93°C were found. The hole is located about 1 Km
NNW of the village of Zephyria.near a N-S fault. After
about 260 m bf cover, the drilling reached the crystalline
basement, unfortunately without finding the transgressive
Neogene limestone series. Down to about 800 m the metamorphic
series was found almost everywhere to be poorly permeable;
at lower depthlcirculation losses occurred in calc-schist
and quartzite layers (Fytikas et al., 1976; Gounaris et
al., 1976). This well, called "Zephyria 1" was stopped
at 1101 m and was put into production on 15 October 1975.
After about 12 hours of discharge the well was closed.
It was opened again for a few hours some days later, and
then closed up to the present time (30 September 1976).

' The second well was drilled in the Adamas area.
The selected site is 1dcated about 5 Km from 'Zephyria 1".
It crossed about 720 m of the cover series before reaching
the Neogene limestones. At 750 m the circulation loss was

complete, hence data are not available. Only at about
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1000 m dépth were:frégments of. the crystalline basement
observed. The drilling was terminated at 1.163 m (Fytikas
et al., 1976; Gounaris et al., 1976). This well,called
"Adamas 1", was put into production on 17 May 1976. After
about 12 hours it was closed and up to now (30 September
1976) has not been reopened. Evgn thoﬁgh specific data
are not available, it i& likely that this well, hav;ng

found a good reservoir; 1s far superior_to the first.
'CONCLUSIONS

The geothermal‘explofation of the island of
Milos cost: the Greek authorities a few drachmas and
thé authors of this paper a great deal of work. The -
geologicél studies have beén explained in detail also
to try to show their great ufility in geothermal
exploration, as they provide important information
“at a low cost. ‘

Unfortunately this type of preliminary study
is often neglected in geothermal exploratory programs, -
perhéps‘because it is believed that they take too long
for dynamic times such as ours. In Greece‘geothermal
reséaréh began correctly, even if not without some
difficulty, and the authors hope that it will be
~continued both on Milos and in other areas of the
country showing similar favorable conditions. _
| ‘ A gfeat many'people:in'Athens, Milos and Pisa“
t_helpéd us with this-research;.we gyatefully“thank’them '
all without being able t6 name them‘individually. We -

wish however to express our spec;al;thanksfto P.E. Gounaris,
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former Director of the. Geothermal Department of the
Public Power Corporation, his enthusiasm; his ”savoir
faire!" and his perhaps somewhat less- than-methodical
activism were determining factors in the success of

the geothermal exploration of Milos.
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