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ABSTRACT

More than 20 bentonite deposits crop out on the islands of Milos, Kimolos and Chios,
Aegean Sea, Greece many of which are currently under exploitation. The bentonite
deposits have been formed at the expense of volcaniclastic rocks, probably pyroclastic
flows in the majority of the deposits, under subaqueous conditions. The presence of

abundant authigenic K-feldspar in most deposits suggests that alteration was diagenetic
and took place at very low temperatures.

Alteration of the glass involves mobilization of alkalis, and uptake of Mg and S. Aland Ti
are essentially immobile while the behaviour of Si and Ca is controlled by both the nature of
the parent rock and the composition of smectite. Fe displays small scale migration
controlled by the prevailing redox conditions. Zr, Nb, Cr, Ni, V and the LREE are essentially
immobile, while Ba, Sr, Rb, Zn, Y and the HREE are mobile. The behaviour of This
controlled by the phase which hosts the LREE. The mobility of chemical elements has
caused variation in the chemistry of the microenvironment in which smectites formed,
resulting in large variations in the chemistry of smectites. Smectites might have been
formed through an Ostwald Ripening-like process affecting the pore fluid chemistry and

thus the chemistry of other phases like zeolites. Beidellites coexist with Cheto- but not with
Wyoming-type montmorillonites. The crystal chemistry of smectites is affected by the

nature of the parent rock, but the conditions prevailing during alteration might modify this

“inherited" factor, as indicated by 1000 EPMA microanalyses which complement XRF,
XRD, IR, DTA/TG, SEM, TEM and HRTEM data.

Almost all deposits have been affected by a later hydrothermal alteration which has
effectively "diluted" the original smectite content either by conversion of smectite to
illite/smectite, kaolinite/halloysite and/or alunite or by precipitation of new phases

(carbonates, phosphates, sulphides). lilitization of smectite probably proceeds by an
Ostwald ripening-like mechanism characterized by low supersaturation conditions.

The Greek bentonites have good swelling propetties after Na-activation, and cation
exchange capacity which ranges from 40 to 105meq/100gr. These properties are closely
related in bentonites containing smectites with similar crystal chemistry. The bentonites
with low CEC contain abundant opal-CT. The rheological properties vary and are probably

related with the degree of disaggregation of the smectite tactoids. Low grade bentonites
might be suitable for the drilling industry.

Acid activation increased the surface area of the bentonites up to 5 times and rendered
them suitable for decolourization of crude edible oils. However, the maximum bleaching
efficiency is not associated with maximum surface area. Mg-smectites are activated easier,
but their decolourization propetties deteriorate faster than Al-smectites. High grade Greek

bentonites have foundry properties comparable to those of commercial products after Na-

activation. This treatment increases the wet tensile strength but its effect on the other
foundry properties is unpredictable.

The properties of the bentonites have been degraded by the superimposed hydrothermal
alteration, in general, although in some cases limited kaolinization of smectite seems to
have a positive effect on the rheological properties.
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CHAPTER ONE

INTRODUCTION

The Greek bentonites have been utilized since ancient times. However systematic

extraction did not take place before the mid-fifties when the first bentonite quarries began
their operations. Since then, the quality of these materials has become famous worldwide

and Greece became the second producer in world scale with a total production of 1.3
million tonnes in 1988 (O'Driscoll 1988). Several companies, many being multinational, are
currently operating on the two major extractive centres, the islands of Milos and Kimolos.
Despite the huge economic and scientific interest of the deposits the first and also the
most recent investigation took place in the end of sixties with the Ph.D thesis of
Wetzenstein (1969) on the bentonites of Milos. Since then, many of the conclusions of this
work have been reviewed critically by several workers (see section 1.5). The bentonites of
Kimolos and Chios islands have never been studied systematically and only sporadic

references have been reported.

1.1. Objectives of the project.

The lack of knowledge about one of the most important industrial minerals of Greece
gave the motive for this project, the objectives of which can be summarized as follows:

-Establishment of the environment in which the parent materials were deposited and
understanding of the processes which caused their alteration.
-Complete mineralogical and geochemical investigation of the Greek bentonites in order to

establish the principal parageneses in the different deposits.
-Attempt to correlate the different deposits so that the exploration cost for new ones might

be reduced.
-Determination of the useful physical and chemical properties of the bentonites, especially
those for which no previous data have been presented (for example the deposits of Chios

island).
-Attempt to activate the Greek bentonites with acids in order to evaluate their potential in
decolourizing oils. Greece does not currently produce any acid activated clays but imports

them.

1.2. Structure of the Thesis.

The thesis has been divided into eleven chapters. It can be separated into two equal
parts. The first part consists of the first six chapters and deals with the geology, mineralogy



and chemistry of the deposits. The second part which consists of five chapters deals with
the industrial evaluation of the Greek bentonites.

The first chapter is the introduction of the thesis. It includes sections about the
terminology used in both the theoretical and industrial applications, the crystal structure of
smectites, the useful properties of the smectite minerals which are valued by industry, and
the main applications of bentonites in the various sectors of industry. It includes also, the
previous scientific contributions on the geology, mineralogy, chemistry and physical
propenrties of the Greek bentonites.

The second chapter deals with the regional geotectonic environment where the islands of
Milos, Kimolos and Chios occur. Also an account of the evolution of the Aegean region and
the subduction of the African Plate under it and its connection with the volcanism in the
South Aegean area is discussed.

The third chapter is involved with the geological features of the three islands, their
structural features and the geological characteristics of the individual bentonite deposits,
including stratigraphic columns of the deposits wherever necessary.

The fourth chapter examines the mineralogical characteristics of the deposits including
bulk mineralogy, clay mineralogy, as well as the mineral-chemical characteristics of the
smectites and other authigenic minerals. |

The fifth chapter deals with the geochemical characteristics of the deposits, from both the
major and trace element point of view. Special attention is given to cases where profiles
from the fresh glass to the altered bentonite are observed in order to establish the relative

mobility of the various chemical elements. Also a correlation between the deposits of Milos

island is attempted using simple geochemical plots and discriminant function multivariate
statistics.

In the sixth chapter a synthesis of the geological, mineralogical and geochemical data is
attempted. This is done in order to establish the mode of origin of the bentonites and the

formation of smectites, the nature of alteration, and the use of the information obtained in
the exploration of new deposits in the area.

The seventh chapter deals with the evaluation of quality and grade of the bentonite
deposits. The properties which are used are the swelling index and the cation exchange
capacity respectively.

The eighth chapter examines the rheological properties of the Greek bentonites,
including viscosity and thixotropy. The variables measured are apparent viscosity, plastic
viscosity, and yield. Also thixotropic loops of some selected bentonites are presented.

The ninth chapter involves the acid activation of representative samples under conditions
of different time and acid strength. The acid activated clays are examined for their
suitability in the clarification of rape seed oil, in comparison with commercial products

already used in industry for that purpose. They are also examined by various analytical



techniques for the crystal-chemical changes caused on smectite by the acid treatment.

The tenth chapter deals with the applications of Greek bentonites in foundries. The raw
materials are examined in both their natural state as well as in alkali-activated state for

properties like green and dry compression strength, wet tensile strength, shatter index,
compactability and permeability.

Finally the eleventh chapter includes the conclusions obtained from the thorough
examination of the Greek bentonites.

1.3. What is bentonite? -Terminology.

Accorrding to Grim & Giiven (1978) and Patterson & Murrey (1983), the term bentonite
was used for the first time by W.C.Knight in the end of 19th century, to describe a clay-rich
rock found in the Fort Benton Cretaceous formations in Wyoming, USA. In the subsequent
years, bentonites have been valued for their unique physicochemical properties; they are
used in many sectors of industry including drilling industry, foundries, mineral and
vegetable oil industry, ceramics, and pharmaceutical industry. Notwithstanding their

intensive utilization there is confusion about the terms used to describe bentonites in
various places of the world.

To begin with, the necessary feature a rock must have in order to be characterized as
bentonite is the predominance of a clay mineral belonging to the smectite group;
montmorillonite in the majority of cases. Although the term is usually used for clays derived
from the alteration of a volcanic glassy rock (volcanic ash or tuff in most cases), there are
deposits where the parent material is not known with certainty. This led Grim (1972 as
quoted by Patterson and Murrey, 1983) to define bentonite as a clay consisting essentially
of smectite minerals regardless the way of origin. Previously, Wright (1968, as quoted by
Grim and Gaven 1978) had defined bentonite as "a clay composed dominately of a
smectite clay mineral, whose physical properties are dictated by this mineral®. This
definition was adopted by Roen & Hosterman (1982). Also it covers the process proposed
by Bates (1969) about redeposition of material transported from the site of its original
deposition. A different definition has been given by Fisher & Schmincke (1984) which was
adopted by Chamley (1989). According to this definition which does not include the
necessity for existence of a particular clay mineral, bentonites are laterally widespread clay
rich, thin beds of altered volcanic ash. This definition is favoured by severali clay
mineralogists (Dr. W. Huff oral communication, Manchester, July 1990). According to the
clay mineral present they are named smectite bentonites, kaolinite bentonites or tonsteins
and illite bentonites. However, according to Roen & Hosterman (1982) the term bentonite
should include the characteristics described by Knight in the type-locality. Since these

characteristics are associated with the presence of smectites, the term bentonite should be



Table 1.1

Nomenclature used to describe smectite-rich materials

(modified after Anonymous, 1978).

Principle Mineral

Sodium montmorilionite

Calcium montmorillonite

Magnesium smectite

Potassium smectite

Lithium-magnesium smectite

Synonymous terms

Synthetic bentonite

Sodium bentonite

Swelling bentonite
Sodium-activated bentonite
Sodium-exchanged bentonite
Calcium bentonite
Sub-bentonite

Non-swelling bentonite
Saponite

Armagosite

Metabentonite

K-bentonite

Hectorite

Regional terms

Wyoming bentonite (USA)
Western bentonite (USA)
Bentonite (UK)

Southern bentonite (USA)
Texas bentonite (USA)
Fuller's earth (UK)



restricted only to smectite-bearing clays.

Except for the aforementioned definitions a large number of other terms, mainly
empirical, are currenly used in the various countries. Thus, in the U.K bentonites are clays
rich in Na-smectites: the Ca-rich ones are called fuller's earths. This is a historical empirical
name for clays suitable to adsorb grease used for cleansing (fulling’) wool (Highley 1972,
Robertson 1986, Harben & Bates 1984, 1990). However in the USA the term fuller's earth

is used for sepiolite-attapulgite-rich clays (Highley, 1972, Harben & Bates, 1984, 1990).
Furthermore, in the U.K the term fuller's earths also has stratigraphic meaning, which

describes a particular Middle Jurassic horizon containing montmorillonite. Inthe USA the
Ca-rich smectitic clays are called non-swelling bentonites, while the Na-rich ones swelling
bentonites (Highley 1972, Patterson & Murrey 1983). Since the Ca-varieties occur arround
the Gulf of Mexico and the Na-varieties in Wyoming and adjacent States the former are
also called Southern bentonites, while the latter Western bentonites (Patterson & Murrey
1983). The term sub-bentonite is used to describe the low to moderate swelling bentonites,

while metabentonites or potassium bentonites are clays composed mainly of mixed layered

illite-smectite (Patterson and Murrey 1983). The term naturally active clayis used as a
synonym to fuller's earth, when the latter is used in oil processing.

Other terms used for smectitic clays which have been treated with acids or alkalis in
order to improve their properties in certain applications are activated clays, bleaching clays
(synonym to absorbent clays) or bleaching earths (Patterson & Murrey 1983). The latter
two are used for both the naturally active and the activated clays but they also include
activated bauxite. White bentonites are Ca-bentonites with high brightness, while
organophilic bentonites or organoclays, or bentones (Grimshaw, 1971, Patterson & Murrey,
1983) are Na-bentonites treated with organic compounds which have special properties
(O'Driscoll, 1988). Finally, a number of terms have entirely empirical origin; these terms are
used directly in the market and include drilling mud bentonite, foundry bond bentonite,
taconite bond bentonite, high and low-yield bentonite, high and low-strength bentonite, and
high and low-gel bentonite (Patterson & Murrey 1983). In Table 1.1 the terminology used
for the different varieties of bentonites in the various regions is presented.

In this project the terminology which will be used follows the definition given by Grim
(1972), because it is not restricted only to altered volcanic ash beds but also includes
smectite-bearing rocks derived from other precursors. As it will be shown in the following
chapters, in most cases Greek bentonites have considerable thickness and have been
derived from rocks other than volcanic ash beds. In order to describe differences in the
characteristics of the materials imparted by the different exchangeable cations the prefixes
Na- (for the sodium smectite-rich variety) and Ca- (for the calcium variety) will be added.

The term K-bentonite will be used in the cases where mixed layered illite-smectite instead
for smectite is present.



1.4. Crystal structural characteristics of smectites.

The smectites are clay minerals (the *princess" of the clay minerals according to Moore
and Reynolds, 1989) with unique physical and chemical properties, which are evaluated by
the industry. The reason for this behaviour is closely related to the structural features of
these minerals. Smectites are phyllosilicates with a 2:1 layer structure, /.e two tetrahedral
sheets linked with an octahedral sheet in between (Fig.1.1). The structure is based on
pyrophyllite or talc (Deer et al. 1962), with the tetrahedra pointing towards the centre of the
structure sharing one oxygen with the octahedral units. The model proposed by Edelman &
Favejee (1940), about inversion of some tetrahedra and replacement of the apical oxygens
by hydroxyls has been rejected by Schultz (1969). As well as the common oxygens, the
plane of junction between the tetrahedral and the octahedral sheet also contains two

unshared hydroxyl groups which belong to the octahedral sheet. The octahedral cations

3+ 2+

are usually Al, Mg, Fe™ " and Fe ™', but other medium sized cations like, Li, Ti, Mn, Cr, Zn,

V, Co, Ni may also occur (Bailey 1984). The main tetrahedral cation is Si which might be
replaced by Al or Fe3+.

The smallest structural unit contains three octahedra, sharing edges. If two out of three
are filled with octahedral cations then the structure is called dioctahedral (gibbsite-type

sheet), if all three positions are occupied then it is trioctahedral (brucite-type sheet). The
octahedral sheet strongly affects the other structural elements and is very important for the

formation of the mineral, since it is believed that it is the metal-hydroxyl which precipitates
first acting as a template for the silica monomers (Gtiven 1988). There are two types of
octahedral sites, namely M1 and M2; the former being on the miror planes of the mineral
and the latter on both sides of the miror (Fig. 1.2). The M1 sites have trans configuration
(trans octahedra) because they have hydroxyls in both sides, while the M2 sites have cis
configuration (cis octahedra) having hydroxyls in one side of the coordination polyhedron
(Gaven 1988). The occupancy of the trans sites is different in the various types of
smectites. Obviously, in the case of trioctahedral smectites all the available octahedral
sites are occupied. Consequently this is only relevant in the dioctahedral smectites. Trans-

site occupancy varies between 0 and 100% in montmorillonite (Tsipursky & Drits 1984,
Gaven 1988). In this mineral octahedral F93+ occupies trans-sites. In beidellite it is

generally minimal (Glven 1988, Tsipursky & Drits 1984) although exceptions might occur
(e.g Unterrupsroth beidellite) (Gaven 1988). Finally, in nontronite trans-sites are vacant

(Besson ef al. 1983). Generally speaking, in well-formed smectites the trans sites tend to
be vacant (Glven 1988).

The tetrahedral sheets consist of pseudo-hexagonal rings composed of Si-tetrahedra

linked with the neighbouring tetrahedra by sharing apical basal corners (Bailey 1984).
Three of the apical oxygens occur in the same plane and one points towards the
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octahedral sheet (Fig. 1.1). The main geometrical features of the tetrahedral sheet are the
angle of the tetrahedral sheet are the angle of rotation o of the sheet (measure of the

deviation from the ideal hexagonal ring), the tetrahedral tiit and the tetrahedral sheet
thickness (Bailey 1984, Glven 1988).

The dimensions of the octahedral and the tetrahedral sheet are different. The
dimensional descrepancy between the octahedral and the tetrahedral sheets is
represented by the ratio d,, ./d, ., where d,, is the length of the Si- (and/or NN_). O bond
and d,, , the length of the metal-oxygen bond in the octahedral sheet (Gliven 1988). The

ideal ratio where no discrepancy takes place is 1.33. In the case of trioctahedral smectites
it ranges between 1.25 and 1.29 while in dioctahedral smectites between 1.16 and 1.25

(Gtven 1988). In other words the discrepancy is greater in dioctahedral smectites.

In order to fit one on the top of the other structural rearrangements must take place
among the various units (Bailey 1984, Giiven 1988). These rearrangements involve mainly
the tetrahedral sheet; the only distortions that may occur in the octahedral sheet are not
associated with the fit over the tetrahedra but with the ionic repulsions between the
octahedral cations. These distortions include shortening of the shared edges and
lengthening of the unshared ones (Glven 1988). The moedifications in the tetrahedral sheet
involve either rotation of the tetrahedra in opposite directions if the tetrahedral sheet is
larger than the octahedral one (Bailey 1984, Gliven 1988), or tilting of the sheet if it is
smaller. The latter case is not common in smectites. The angle of rotation varies between 1
and 10° in the dioctahedral smectites and between 1 and 8% in the trioctahedral ones.

As noted above, the structure of smectites is based on that of pyrophyllite for the
dioctahedral and talc for the trioctahedral ones. The major difference between the two

mineral species is the ionic substitutions in the former. Substitutions may occur in both the

tetrahedral and the octahedral sheets. In the former the major type of substitution is that of
A13+ for Si4+. In the octahedral sheet substitutions involve both replacements of divalent

for trivalent cations (the most common case), for example Mg and/or Fez"' and/or Fea"'
3+ .

Al" " in the dioctahedral and univalent and/or divalent or trivalent for divalent cations (Li

and/or Fe3+ and/or Fe2+ for Mg) in the trioctahedral ones (Grim, 1962, Deer et al., 1962,
Grim, 1968, Grimshaw 1972, Weaver & Pollard, 1973, Grim & Glven, 1978, Bailey, 1984,
Brindley, 1984, Odom 1984, Newman & Brown 1987, Given 1988). The above

substitutions result in a charge deficiency, which varies between 0.2 and 0.6 charge units
per half structural formula, and which is balanced by the introduction of cations in the

interlayer sites. These cations are hydrated and can be replaced by others providing thus
the cation exchange capacity which is one of the more characteristic properties of

smectites used in their industrial applications (Deer et al., 1962, Gnim, 1962, Grim 1968,
Highley, 1972, Odom, 1984, Hall, 1987, Newman & Brown, 1987, Guven 1988, Moore &

*

for

Al |vstands for tetrahedral Al.



Reynolds, 1989). The location of the exchangeable cations in the interlayer space is

dictated by the location of the charge deficiency (Odom, 1984, Glven, 1988). In the case
of cation substitutions in the octahedral sheet the charge deficiency is localized to

distances 7A apart in the 110 direction and 9A apart in the Y direction. In the case of

tetrahedral substitutions the charge deficiency is again localized to distances equalto the b
distance in the Y direction and 2a in the X direction (GlGven 1988). The charge deficiency in

the tetrahedral charge is expected to have more profound effects on the distibution of the
interlayer cations since the tetrahedral sheet is close to the interlayer space. The interlayer

cations might be located in the hexagonal cavities created by the tetrahedra rings, or might
be linked with two oxygens from the adjacent layer above the cavities (Farmer & Russell,
1971, Suquet et al., 1975, Brindley 1984, Given, 1988). In this way they act as bridges

between the different layers. The hydration and the swelling of smectites will be examined
in Chapter 7.

The stacking of the different smectite layers can generate three different types of crystal
order (Glven, 1988):

-*Regular stacking® with zero degree of rotation and a perfect 3-dimensional periodicity.
This structure is very rare in dioctahedral smectites (Black Jack mine beidellite is an
exception) and occurs in some saponites (Suquet et al. 1975).

-"Semi-random stacking" with random n x 60° rotations while the pseudohexagonal holes

remain intact between the layers. In this type of stacking, only the hkl reflections with k=3n
are observed: those with k=3n are diffuse.

-"Turbostatic stacking® with completely random translations and rotations between
adjacent layers. The pseudohexagonal holes are not preserved. This type of stacking
destroys the 3-dimensional periodicity; only the basal reflections and some hk diffraction

bands are observed in X-Ray Diffraction diagrams. Turbostatic stacking is very common in
smectites, especially in montmorillonites

1.4.1. Classification of smectites

Several workers have attempted to classify smectites according to chemical and
structural criteria, including Grim, 1962, Grimshaw 1972, Weaver & Pollard, 1973, Brindley
1984, Guven, 1988, and Moore & Reynolds, 1989. From these classification schemes the

most complete is considered to be the one proposed by Giiven (1988). According to this
scheme the criteria to differentiate smectites can be summarized as follows:

-The di-and trioctahedral nature of the octahedral sheets (di- and trioctahedral subgroups)
-The sources and sites of the layer charge of the mineral (tetrahedral (x; or octahedral Xo)

-The predominant octahedral cation and
-The proxy ions in octahedra like Mg in montmorillonite.



Table 1.2.

Classification of natural and synthetic smectites (modified after Glven, 1988).

DIOCTAHEDRAL SMECTITES

Predominant
octahedral

cation(s)

TRIOCTAHEDRAL SMECTITES

Smectite
species

Ratio between Predominant Smectite

tetrahedral (x;) octahedral species

and octahedral cation(s)

(Xo) charges

Xo/xt > 1.0 Al(R+2) montmorillonite
(octahedral

charges

dominate)

Xt/Xo>1.0 Al beidellite
(tetrahedral Fe3+ nontronite
charges Crd+ volkonskoite
predominate) V3+ V-smectite

10

Ma(Li)
AlMg(Li)

single or mixed
transition metals

stevensite
hectorite

swinefordite

transition metal
"defect"

trioctahedral
smectites

saponite
Fe-saponite
Co-smectite

sauconite
Mn-smectite



The classification scheme with the different types of smectites is presented in the Table
1.2. The more common of the smectites shown in Table 1.2 are montmorilionite and
beidellite.

1.5. Properties and uses of smectites.

Smectites are known to have been in use since the ancient times. Robertson (1986) in
an extensive review mentioned the use of bentonites (fuller's earths) from the times of the
ancient Egyptians and Greeks since today. It is well known that the unique diversity of
applications of smectites is closely associated with their structural characteristics, which in
turn determine their physicochemical properties (Highley, 1972, Grim, 1968, Grim &
Gaven, 1978, Patterson & Murrey, 1983, Odom, 1984). In this chapter only a brief outline

of the characteristic properties of smeclites, is presented. A thorough discussion will take
place in the following chapters.

1.5.1. Properties of smectites.

-a) Crystal size and shape, According to Grim & Glven (1978) the size of the smectite
flakes varies from 0.1 to 2uym with an average size of 0.5pm. The small crystal size imparts
large specific surface area to the smectites which can increase even more with suitable

treatments (acid activation, formation of pillared smectites), imparting thus high adsorptive
capacity. Smectites tend to form aggregates in suspensions. This event affects the
colloidal properties of bentonites because decreases the free or effective surface area and
increases the eftective particle size. According to Odom (1984) the smectite particles are
inheritedly interlocked and it is difficult to be separated except by a strong shear force.
Generally, the natural Na-smectites have the smallest effective crystal size and the larger
effective surface area because of the high swelling pressures developed when they are
dispersed in water (Odom, 1984).

-b) Cation exchange capacity, The most important part of the smectite structure which
determines the suitability for the various applications is the interlayer region. This is
because the interlayer cations can be exchanged providing the required properties. An
example of this is the so-called alkali-activation of smectites, which involves replacement of
the original interlayer cations (usually Ca) with other cations, mainly Na (Patterson &
Murrey ,1983, Odom, 1984). For the pure smeclites the cation exchange capacity (CEC)
varies from 70 (mainly soil smectites) to 130 megq/100gr. According to Grim, (1962, 1968)
and Weaver & Pollard (1973), 80% of the total CEC results from charges due to

substitutions in the structure of smectites with the remaining 20% from charges due to
broken bonds.
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-c) Hydration and swelling. One of the most characteristic properties of smectites is the
uptake of water in the interlayer space (hydration) and the resulting swelling of the mineral,

|.e smectites have high absorptive capacity. Swelling is a measure of the quality of
bentonites (Highley, 1990, Morgan, 1990a). There are two stages of swelling; the so-called

innercrystaliine swelling (Norrish, 1954, Madsen & Muller-Vonmoos, 1989) in which
smectites can take gradually from one to four water layers, and the osmotic swelling (van
Olphen 1963, 1977, McEwan & Wilson, 1984, Madsen & Muller-Vonmoos 1989) which
causes the complete dissociation of the smectite layers. Swelling strongly depends on the
type of the exchangeable cations, the magnitude of the layer charge and the interaction
between water, interlayer cations and the clay mineral interlamelar surface (McEwan &
Wilson 1984). Usually Na-smectites develop higher swelling than Ca and Ca-Mg ones; thus
alkali activation is applied to improve the properties of those poor bentonites (Odom 1984).
-d) Bheological propetties. Smectites have the ability to impart high viscosity and develop
thixotropy when added in amounts 5-6% in water. This is because they tend to form an
homogeneous rigid gel structure. Several workers believe that this structure result from
flakes linked together due to attractions between their positive charged edges and negative
charged faces it Is called card-house structure. However, the card-house model has been
disputed (see Chapter 8).The development of viscosity is used in the drilling industry.

Natural Na-smectites usually develop higher viscosity and thixotropic properties than Na-
activated Ca-smectites or Ca-smectites.

-e) Dehydration and hydration. There are two types of water bound in smectites; that

adsorbed on the surface and in the interlayer space, and the crystalline water located in the
octahedra within the structure. The adsorbed water is lost at temperatures between 100
and 200°C in one or two (usually) stages. The crystalline water is lost at higher
temperatures ranging between 550 and 750°C depending on factors like chemical

composition, crystal structure and structural defects (Green-Kelly, 1957, Schultz, 1969,
Odom, 1984). The way that the structural water is lost affects the performance of smectites
in industrial applications like foundries and iron ore pelletization. Smectites tend to absorb

water and rehydrate even when they have been subjected to high temperatures close to
the dehydroxylation range, affecting the re-using process in foundries. Also, some

dehydrated smectites are used as dessicants (Odom, 1984).

-f) Plasticity, It is the property of a material which permits deformation under stress without
rapture and ability to retain the shape obtained after the stress has been removed (Grim,
1962, Grim and Guven, 1978). Bentonites develop higher plasticity than all other clay

materials. On this ground, Bain (1971) proposed a chart using plasticity as a means of
identification of the different clay materials. Plasticity is evaluated in applications like mortar

and putty formulation, and in ceramics (Highley, 1972, Grim, 1962, Grim & Guven, 1978).
-g) Bonding properties. Na-smectites have very good bonding properties which are used in
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industrial applications like taconitic iron ore and animal feedstuft pelletization, and
foundries.

-h) Organic reactions, Smectites react with organic compounds which are either adsorbed
on their surface and/or replace the interlayer cations. This type of reaction has increased

the potential of smectites for use as toxic pollutant adsorbent. They are also important for

the production of organoclays (Clarke, 1985) or bentones (Grimshaw, 1971, Patterson &
Murrey, 1983).

1.5.2. Uses of bentonites.

The versatile character of bentonites have been described by many authors in the past,
including Grim (1962), Hartwell (1965), Grimshaw (1971), Highley (1972), Hofstadt & Fahn
(1976), Grim & Guaven (1978), Patterson & Murrey (1983) Odom (1984), Clarke (1985),

Robertson (1986) and O'Driscoll (1988). They ali presented the fields where the bentonites

find applications. Generally speaking, the applications can be divided into those which use
large tonnages of bentonites and those where bentonites are used in small quantities

(Odom, 1984, O'Driscoll, 1988). The most important uses of bentonites are presented in
the following paragraphs.

-Qil drilling industry. The rheological properties (viscosity and thixotropy) displayed by
natural Na-rich, or Na-exchanged smectites are used in the drilling industry. During the
rotary drilling bentonite-bearing drilling fluids lubricate the bit and rods, bring the drill
cuttings to the surface when the drilling is in progress and prevent them from settling in the
bottom of the hole when the operation has ceased, due to development of yield stress.

(Grim, 1962, Highley, 1972, van Olphen, 1977). The suspension also helps to make

impermeable barriers when drilling cuts permeable strata, keeps the formation fluids from
entering the pit (Grim, 1962) and supports both the sides of the drill hole and the weight of
the drilling equipment (Highley, 1972). There are many types of inorganic and organic
additives used to improve the properties of drilling muds (Odom, 1984). In the high
temperature environment encountered in geothermal fields of high enthalpy, the viscosity
may increase drastically. To cope with these difficulties specially formulated Na-smectites
have been introduced (Odom, 1984).

Bentonites face competition from sepiolite and attapulgite in drilling applications.

Attapulgite has inferior thixotropic properties but shows small variations in viscosity and gel
strength with large variations in salt content. However it has high water losses in cases
were fresh water formations are drilled (Grim, 1962, Patterson and Murrey, 1983).
However, these difficulties are overcome with the addition of organic substances.

-Foundry applications. Due to their good bonding properties bentonites are used as

binding agents in silica sand ("greensand”) moulds for molten metal casting. The smectite
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crystals due to their large surface area cover the quantz grains acting as a cementing agent
(Grim, 1962, Highley, 1972). The greensand becomes plastic and cohesive and thus can
be moulded around a pattern. The mould must have sufficient strength to withstand filling
with molten metal and to retain its shape after the metal has solidified. The required
properties for smectites are green compression strength, dry compression strength, wet
tensile strength, hot compression strength, flowability and durability (Odom, 1984). The

greensand must also have good permeability to allow gases to escape when the hot metal
Is poured. Natural Na-bentonites or Na-activated bentonites are preferred from Ca-
bentonites. Na-bentonites have slightly lower green strength but have higher dry strenth
(Patterson and Murrey, 1983, Odom, 1984) and much higher wet tensile strength and hot
compressive strength than their Ca-rich counterparnts (Odom, 1984). The strength of the
mould depends on the milling time, on the amount of clay added as well as on the amount
of tempering water.

The major competitor for greensand is the so called synthetic-sand which uses synthetic
binders, mainly organic resins. The advantages of the synthetic sands include among
others high production rates, improved dimensional accuracy, reduced handling and fast

tum-round of pattern and moulding boxes (BCIRA report, 1985). However, greensands are
preferred in medium and large foundries.

-lron ore and animal and poultry feed pelletization. Taconitic iron ores (B.I.F. ores) are the
main sources of raw Fe-rich material used in the production of metal iron. Bentonite is used

In small amounts (0.5-1% or even smaller according to Hartwell, 1965) to bind the the fine
grained ore. According to Jones (1979), the materials are then introduced into a rotary
(balling) drum to aquire the desired spherical shape. Water is added in small amounts so
that the resulting pellets contain 85-90% iron ore, 0.7-1% bentonite and 8-10% moisture.
The small spheres are then dried and subsequently fired at 1200-1300°C. During firing the
Iron ore crystals (hematite and/or magnetite) undergo sintering while the bentonite melts
providing a good binding agent for the pellet. These events impart the physical strength
nesecary before entering the blast furnace. The pellets must be strong enough to withstand

handling and the desired properties required are fairly uniform size range, high green and
dry compression strength, abrasion resistance, high reducibility and low swelling and

uniform chemical composition  for satisfactory hot metal analysis and blast furnace
control (Patterson and Murrey, 1983, Jones, 1979). Natural Wyoming bentonites and/or

Na-activated Ca-bentonites are used for iron ore pelletization. (Grim, 1962, Jones, 1979,
Odom, 1984).
Bentonite is used in small amounts (1-2% according to Hartwell, 1965 and Odom, 1984)

in the pelletization of animal and poultry feed mixtures, in order to increase the nutritional
benefits to the animals and to assist with the handling of the feeds (Hartwell, 1965,

Watson, 1982, Odom, 1984, O'Driscoll, 1 988). However, bentonites face competition from
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lignosulphonates which are wood derived products (Watson, 1982). Both Na and Ca-
bentonites are used for animal feed pelletization.

-Civil engineering applications. Na-bentonites (natural and alkali-activated) find ample use
in civil engineering applications because of their lubricity, sealing ability (impermeability
according to Highley, 1972), thickening and gelling properties (O'Driscoll, 1988). They are
used in the construction of diaphragm walls, in soil sealing and lining especially in
environmental applications like waste disposal, in grouting applications, in lubrication of
caissons and piles etc. for use in civil engineering applications bentonites need to be
tested for their flow propetties and gel strength, their water or filter loss, density, solids and
sand content and hydrogen ion concenrtation.

The above uses consume the main part of the bentonites produced. There are however
some growing markets with liquid absorbents (especially pet litters) being a very promising
one especially in Europe (O'Driscoll, 1988). According to Robertson (1 986) the desirable
properties required are easy recognition of the saturated granules by the animal (fauld
granules), high absorptive capacity and rate of absorption, odour prevention, resistance to
"tracking"” and lack of "dusting” (O'Driscoll, 1988). The bentonites are used either untreated
(Highley, 1972, O'Driscoll, 1988), or heated (Grim, 1962, Grim and Giiven, 1978). Other

uses of bentonite as absorbent include removal of grease and oil from floors (Odom, 1984,
Harben & Bates, 1984,1990).

Bentonites which have been previously undergone treatment with acids (acid activation)
to increase their decolourizing propetties are used for the decolourizing of edible and

industrial oils and fats, and waxes (Grim, 1962, Hartwell, 1965, Highley, 1972, Grim &
Guven, 1978, Clarke, 1985). According to Clarke (1985) the total production in the

"western® world was about 550.000 tonnes. Ca-bentonites are usually activated in order to

increase their surface area, and to develop microporosity which enchance the
decolourizing (*bleaching”) capacity of the raw material.

Na-bentonites treated with organic compounds (mainly amines) are rendered
hydrophobic. In this condition they are used for their special rheological characteristics
(effective gellants in organic fluids) in applications where rheology is important, like the
grease paint and ink industries. Finally, another type of special treatment includes the
formation of pillared smectites which can be used as catalysts. Pillaring agents reported

are alkylammonium and bicyclic amine cations, and hydroxy-Al and Zr cations (Rupert et
al. 1987).

In addition to those already mentioned, bentonites are used in a large number of
applications including among others medicines pharmaceuticals and cosmetics, anti-stick
and drying agent applications, soil conditioning, water clarification, ceramics (especially

white bentonites), soaps, mortar mixes and nuclear waste disposal both as absorbers and
sealants.,
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In Table 1.3 the major areas of application for bentonites is presented (O'Driscoll, 1988).
The uses of acid activated bentonites are examined separately in Chapter 9.

1.6. Previous work.
1.6.1. Milos-Kimolos.

The geological, mineralogical and geochemical investigations of the rocks exposed on
the both islands started in the previous century. Sauvage (1846) and Ehrenburg (1889)
gave the first geographic and geological informations about the islands including some
references for earthquakes (Ehrenburg, 1889).

The first complete investigation of the geological features of the islands was provided by
Sonder (1924-25). He first distinguished the four major geological units, namely in
geochronological order, the metamorphic basement, the sedimentary sequence, the
volcanic sequence and the alluvial deposits. He also stressed the significance of the
hydrothermal alteration for the silicification of the original tuffs (“Bimsteintuffs") and lavas

and the formation of sulphur, alunite, baryte and manganese outcrops observed on the
islands for the first time,

Voreadis & Mourambas (1935) examined the Ag-bearing barytes (with or without galena)
deposits of Milos; their work was based on the geological background established by

Sonder.

Liatsikas (1949) dealt with the geological features and the economic deposits of the
island of Milos. He accepted the structure proposed by Sonder, with changes of minor
significance. His contribution is important because he was the first to describe the
existence of a type of "clays® different from kaoline in several places of Milos. This "clay"
was probably bentonite.

Porphyris (1955) gave the first unpublished report about the physical properties of the
Greek bentonites and compared them with commercial products used in the industry.

Marinos (1958) and Voreadis (1956) studied the hydrothermal kaoline deposits occuring
in the NW part of Milos island.

The most important contribution on the study of the bentonites of Milos was provided by

Wetzenstein (1969, 1972). Based on geological observations he concluded that the parent
voicanic rocks were deposited under marine conditions and were transformed into

bentonites via the action of the sea water and the supply of Mg cations by submarine hot
springs. He also postulated that the kaolinitization, alunitization and silicification
phenomena observed in several bentonites are products of hydrothermal alteration events
posterior to the formation of bentonites. Finally, he assumed that the bentonite deposits of
Milos are members of a single horizon. Patterson & Murrey (1983) used this model of
bentonite formation for the deposits of Milos. In a later contribution (1975) Wetzenstein
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studied the effects of the hydrothermal alteration on the baryte and manganese deposits
observed on Milos.

Stul & Mottier (1974) and Lagaly & Weiss (1975) in their experiments on inhomogeneous

charge distribution in smectites, examined some montmorillonites from Milos and found
that their layer charge varies between 0.24 and 0.38 charge units per O4(OH)2.

Angelier et al. (1977) studied the neotectonic regime and related the different tectonic

episodes with the different geochemical characteristics of the volcanics croping out on the
island.

Fyticas (1977) carried out the first comprehensive geological, structural, and
volcanological synthesis of Milos and produced the geological map of the island. He divided
the geological formations of Milos into four groups like Sonder, but he found that the
sedimentary sequence is of Neogene age (U.Miocene-L..Pliocene) and not Cretaceous-
Eocene as Sonder had assumed. He also distinguished the volcanic episodes which
occured on the island and described the pyroclastic formations. He contradicted

Wetzenstein about the existence of a single bentonite horizon because he did not observed
a constant marine horizon anywhere in Milos. According to Fyticas, bentonites and kaolins
are products of the same hydrothermal system and were formed in different geochemical
environments controlled by pH; bentonites at greater and kaolines at shallower depths. The
same origin is invoked by Harben & Bates (1984, 1990).

Kanaris & Minopoulos (1979) in a preliminary report presented a comprehenive list of the
kaoline and bentonite deposits of Milos which are not owned by the the Silver and Barytes

Ore Mining Company, without further geological, mineralogical, or geochemical
investigation.

Kornprobst et al. (1979) and Hoffmann & Keller (1979) investigated the mineralogical and
petrological features of the metamorphic rocks of the basement.

Minopoulos (1980, 1981) examined some useful raw materials of Kimolos including some
bentonites. He reported for the first time the existence of clinoptilolite in a bentonite deposit
of eastermn Kimolos.

Marcopoulos & Kraniotis (1982) reported the formation of analcime, mordenite and
clinoptilolite in bentonites at the Phyropotamos area in northern Milos.

Alberti & Brigatti (1982) studied the mineral chemistry of 14 montmorillonites from
Kimolos and using statistical methods found that most of them can be classified as Otay-
type montmorilionites.

Kalogeropoulos & Mitropoulos (1983) studied the sulphur and oxygen isotopic

composition as well as fluid inclusions of some baryte deposits from Milos. They concluded
that they have been formed in an environment similar to that of the Kuroko-type barytes.
Zagalis (1983) examined the mineralogical and crystal-chemical characteristics of some

bentonites and kaolines from Milos without further information about the location where the
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samples were collected from.
Andseta (1983) described the geomorphological characteristics of Milos, Kimolos and

Polyegos islands and provided informations about the hydrographic network of the islands.

Thanasoulas (1983) applying geoelectrical methods in the SW part of Milos island
reported the existence of three main geological formations: the metamorphic basement, a
pyroclastic horizon which in places contains clayey material (possibly smectites) and
surficial lavas.

Thanasoulas & Tsocas (1985) applying geoelectrical methods in Kimolos found three
main geological formations below the alluvial cover. The deeper corresponds to the
crystalline basement of the island, the intermediate probably corresponds to pyroclastic
sediments while the stratigraphically higher one possibly to the lavas observed on the
island.

Simeakis (1985) studied the neotectonic evolution of the islands of Milos Kimolos and
Polyegos and proposed a model describing the rotations of the various neotectonic blocks
he assigned on the island of Milos.

Robertson (1986) in his monograph about the fuller's earths gives an extended account
on the history of extraction of bentonites in Milos and Kimolos in both the ancient and the
modern times.

Fyticas ef al. (1986) a revised the original model about the volcanological evolution of
Milos and Kimolos proposed by Fyticas (1977). The major improvements are the
establishment of the chronological order of the several volcanic episodes on the island and
the redefinition of the term "green lahar® as a phreatic horizon rather than a mud-flow.

Marcopoulos & Katerinopoulos (1986) studied the formation and the paragenesis of the
alunites of Milos and attributed their genesis on the oxidation of ascending S-bearing
hydrothermal solutions at very low pH.

Briqueu et al. (1986) studied the Sr, Nd and O isotopic ratios of some volcanic rocks of

Milos and Kimolos and gave informations about the possible petrogenetic processes which
prevailed during the magma genesis.

Liacopoulos (1987) studied the alterations of the wall rocks in the basement of Milos
island caused by hydrothermal alteration. Based among the isotopic composition of
siderites he attributed the formation of clay deposits (kaolins, bentonites) to the circulation
of hydrothermal fluids, in agreement with the model of Fyticas (1977).

Mitropoulos et al. (1987) used rocks from Milos among other Aegean islands to establish
their petrogenetic model of the volcanic rocks of the South Aegean Sea.

Marcopoulos & Christidis (1988) in a preliminary study of the bentonites of Kimolos
reported the existence of mordenite in Prassa Qyarry and clinoptilolite in the Loutra area.
They attributed the formation of the bentonite-bearing deposits on diagenetic processes,
and the formation of kaolinite and alunite to posterior hydrothermal activity.

19



Papanicolaou (1988) studied the neotectonic characteristics of Milos and described the
kinematic charactereristics of the faults observed on the island.

Tsoli-Kataga & Mavronichi {(1989) studied the kaoline occurences of south Kimolos and
proposed a hydrothermal model for their origin. Although they did not observe any spatial
association between kaolines bentonites and zeolite-bearing bentonites they assumed that
bentonites with or without zeolites are products of this hydrothermal process.

Lattig & Wiedenbein (1990) in their account about the bentonite market worldwide,

stressed the role of the bentonite deposits of Milos and described their origin as
hydrothermal being affected by a later halmyrolysis process.

1.6.2. Chios island.

Chios island has received great geological interest because it is one of the few Greek

areas with lower Palaeozoic outcrops. The geology of the island was investigated in depth
by a recearch team from the University of Marburg/Lahn (Germany) who produced six
Ph.D theses, a number of scientific contributions in the form of research papers and the
geological map of the island. Besenecker et al. (1968) and Kauffman (1969) distinguished
two geological units, the autochthonous and the allochthonous one. Herget & Roth (1968),
Besenecker et al. (1968), Roth (1968) and Herget (1969) studied the Palaeozoic rocks of
the NW parnt of the island and proposed a stratigraphic column for these rocks. Besenecker

et al. (1968) Kauffman (1969), Tietze (1969) and Liidke (1969) provided data about the
mesozoic rocks of the two geological units of the island.

Kreatsas (1964), Besenecker et al. (1968) and Besenecker (1973) studied the Neogene
rocks which crop out in the SW sector of the island. Besenecker (1973) gave the detailed
stratigraphy of these Neogene rocks and divided them into four stratigraphic formations,
namly the Thymiana layers, the Zyfia layers, the Keramaria layers and the Nenita

limestones. The age of these Neogene rocks was determined by palaeontological means
as Upper Miocene-Lower Pliocene.

Besenecker & Pichler (1974) studied the Neogene volcanic rocks of the island. They
distinguished two volcanic cycles the age of which was determined as Upper Miocene-
Pliocene.

Bellon et al. (1977) provided geochronological data for the volcanic rocks of the island
which proved that the age of these rocks is Lower-Upper Miocene and not younger as

Besenecker et al. (1968), Besenecker (1973) and Besenecker & Pichler (1974) assumed.

Papanicolaou & Sideris (1983) and Sideris (1986) studied the Palaeozoic rocks of the
Island provided an alternative model for their occurence. They proposed that they
represent a wild flysch probably of Permian age.

The bentonite deposits of Chios island which have been described by Kreatsas (1964)
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were studied by Andronopoulos (1961). The latter determined that the smectite present is
Ca-montmorillonite, described the existence of dolomite in them, but failed to determine the

existence of opal-CT which was present in these materials. He also gave some incomplete
data about the major element geochemistry. Finally, Kanaris (1978) in a more detailed
work determined the presence of quarntz, chlorite, and illite and carried out a semi-

quantitative analysis of the bentonite. He proposed that the bentonite extends over a
considerable area.

1.7. Location of the field areas.

The islands of Milos, Kimolos and Chios are situated in the Aegean Sea, Greece. Milos
and Kimolos are situated in the SW part of the Cyclades group of islands (Fig. 1.3). They
are about 90 sea miles south of the port of Piraeus. The area of Milos is 150.9 km2 while
that of Kimolos 36.4 km2. Both islands are part of a greater island group, called "the island
group of Milos®, which includes also the islets of Polyegos (or Polivos) and Antimilos.

Chios island is situated in the eastern Aegean Sea close to the Turkish borders (Fig 1.3).

Its area is about 900km2 and it is about 150 sea miles away from the port of Piraeus.
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CHAPTER TWO

REGIONAL GEOTECTONICS: EVOLUTION OF THE AEGEAN. VOLCANISM AND
GEOTECTONICS

2.1. Geotectonic setting and evolution of the Aegean Sea.

The islands of Milos, Kimolos and Chios belong to the Aegean area, the greatest part of
which is submerged under the Aegean Sea. (Fig. 2.1). The Aegean Sea has several

characteristics of a typical marginal sea (Berckhemer, 1978, 1980) is seen from a
physiographical point of view. These are (Berckhenmer, 1978, 1980):

-A deep sea trench with a pronounced free-air gravity anomaly -130 to -250mgal.

-An inner island volcanic arc above hypocentres in 100-150km depth, at a distance of
about 200km from the trench.

-Tensional tectonics in the back-arc region.

-High heat flow, up to 2.7 H.F.U, in the central Aegean and low in front of the arc.
-High absorption of seismic waves in the upper mantle behind the island arc.

However there are differences from typical marginal seas. These include:
-Small size of the sea.

-Lack of typical oceanic crust in the Eastern Mediterranean (the thickness of the crust is
roughly 20km including some 10km of Neogene sediments), and existence of a huge

sedimentary chain in front of the Hellenic Trench. There is evidence for the existence of
oceanic crust burried under 8-15km sedimentary strata (Makris & Stobbe, 1984).

-A thick continental crust below Crete and the Cyclades which becomes thinner under the
Cretan Sea (about 20km).

-Low sub-Moho Vp (7.7-7.9 km.s™1).
-Lack of true sea-floor spreading.

-EXistence of scattered deep-intermediate shocks in the North Aegean region.

-The frontal non-volcanic sedimentary arc dominates, while the volcanic arc is poorly
developed.

According to Karig's classification (as quoted by Berckhemer, 1978, 1980), it is a small,

young, inactive (with respect to sea-floor spreading) marginal sea, with high heat flow and
a hampered state of development .

The whole area is characterized by the active subduction of the African lithospheric plate,
and more specifically of the Eastern Mediterranean crust which is considered to be one of
the last sections of the Tethyan Ocean (Papanicolaou, 1986), in front of the Hellenic

Trench (Fig 2.2) (Papazachos 1973, 1976, Richter & Strobach, 1978). The subducted slab
is about 280km long and is dipping with an angle between 30 and 40° (Papazachos, 1973,
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FIGURE 2.1. Map showing the essential geographic and bathymetric features of the Aegean
area (after Mercier, 1981).
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FIGURE 2.2. General framework of the Aegean region. The arrows indicate the direction of
subduction of the African plate in front of the Hellenic Trench (after Mercier, 1981)



LePichon & Angelier, 1979), reaching a maximum depth of 180km (Richter & Strobach,
1978). The speed of the subducted slab is 3.5cm/year (McKenzie, 1978) although it has

been considerably lower during the last 3 my (1.8cm/year according to Fyticas et al.,
1976).

The direction of the subduction is not the same throughout the whole extent of the
Hellenic Arc (Fig. 2.2). It is perpendicular in the westem and SW patrt of the Arc, becoming
subparallel in the SE section (LePichon & Angelier, 1979, 1981, Huchon et al., 1982).
Consequently, the relative motion of the the two plates changes from convergence with
slip-vector perpenticular to the arc, when projected horizontally, in the western and SW

sector of the Arc, to a motion having component subparallel to the direction of the Arc
(LePichon & Angelier, 1979, Huchon et al., 1982).

The orientation of the Hellenic Trench follows that of the Hellenic Arc. It is striking in a

NW-SE direction in the western sector changing to a ENE-WSW direction south of Gavdos
Island (Huchon et al., (1982). It has a rather complex structure and in the SE sector it

breaks up to several subparallel en-echelon trenches (South Cretan, Pliny and Strabo
Trenches) (Fig.2.3).

The Aegean is dominated by extensional tectonics throughout the entire area, except in
the NW and westemn parts of the Hellenic Arc where compression dominates (Fig. 2.4)

(Mercier, 1981, LePichon & Angelier, 1979, McKenzie, 1972, 1978, Jackson & McKenzie,
1988). Compression events have also been reported in the northernmost part of thew

Aegean Sea (Papazachos, 1976) and in the NW Greece, (McKenzie, 1978). This regime
dominates at least since the Uppermost Miocene (Mercier, 1981, Jackson & McKenzie,
1988), while LePichon & Angelier (1979, 1981) consider Upper Serravallian (12-13 Ma) as
the time for the beginning of the extension, and Sengdr et al. (1985) postulate Middle
Miocene. This type of tectonism has been interrupted twice since the Uppermost Miocene
(Mercier, 1981). The first time was in the boundary between the Uppermost Miocene and
Lower Pliocene and coincides with the * jump” of the convergence zone west of the lonian
Islands. The second time was during the Lower Quaternary. LePichon & Angelier (1979)
mention one additional phase of compression which occured before the uppermost
Miocene before the deposition of the Pikermi-type layers (i.e between 12 and 9 Ma) and
affected the central Aegean. Crete was dominated by extension throughout the time
between Lower Miocene-Early Pliocene.

However, more recent research and detailed field work have questioned the existence of
compression events between extension tectonism. The tectonic discontinuities described
by LePichon & Angelier (1979) and Mercier (1981) as reverse faults and thrusts are in fact
listric normal faults, which have undergone rotation about an horizontal axis (Jackson et al.
1982). Similar observations were made by Price (1989) in western Anatolia which has
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showing the angular relationships between tslip vectors (thin dashed arrows) and trenches.
(after Huchon et al., 1982)

FIGURE 2.4. Stress trajectories in the Aegean from (a) shallow earthquakes, (b) neotectonic
and active faults, and (c) in situ measurements. 1= Aegean subduction. 2= Honzontal
projections of the slip vectors determined from compressional {(convergent arrows) and
extensional (divergent arrows) shallow earthquakes. 3= (P, B, T) Regional principal
directions of compressional, intermediate and tensional stresses. 4,5= Deviatoric
compressional o, intermediate o, and extensional a3 principal directions determined from
structural analysis of neotectonic and-active faults. 6= Principal extensional stress
directions from in situ measurements. 7= Slip lines drawn bisecting at a 459 angle the P
and T trajectories. 8= Strike slip faults (after Mercier, 1981)



undergone a similar tectonic evolution to that of the Aegean, at least since the Lower
Miocene (Seyitoglu & Scott, 1991).

Before the initiation of the extension mentioned above, the Aegean was land levelled by
erosion. An epicontinental sea transgressed periodically from the NE while the
Mediterranean invaded in some areas during Tortonian and Messinian from the south
(Mercier, 1981). Inthe area where the Cretan Sea is developed today, the initial altitude
was about 300m o.d decreasing towards the east to the sea level (Angelier et al., 1982).
Today the sea depth is greater than 2.5km in some places.

The aforementioned extension regime is responsible for the considerable thinning of the
Aegean crust, the thickness of which is reduced from 40-45km in the continental Greece
and Western Turkey, to 23-26km in the central Aegean (Makris, 1978a,b, Makris & Vees,
1977). Futhermore, the crust between Santorini and Crete has undergone maximum

extension having a thickness as low as 20km (Makris, 1978). Geophysical prospecting
revealed traces of Quaternary intrusions of possibly volcanic origin in the Cretan Sea,
which however are not considered as evidence for active sea-floor spreading (Jongsma et
al.,, 1978).

The extension observed in the Aegean has been quantified (LePichon & Angelier, 1979,
1981, Angelier et al., 1982, McKenzie & Jackson, 1986). It was found that the crust below

the Cretan Sea has undergone as much as 80% extension while the average extension of
the whole area must be between 30 and 50%. Furthermore, the streching factor and the

coefficient of expansion is maximum in the area of the Cretan Sea. Extension rates have
been estimated to be in the range 30-110 mm.y"', with a probable value of 62.5 mm.y‘1
(McKenzie & Jackson, 1986; 70 mm.y"1 according to McKenzie, 1978). Extension has a N-
S direction with very little E-W motion (McKenzie & Jackson, 1986). The factors which
caused this regime are points of controversy between different researchers. LePichon &
Angelier (1979), Berckhemer (1978, 1980) and Segitoglu & Scott (1991) consider
gravitational forces to be the most plausible explanation, while Mercier (1981), although he
believes that such forces may be responsible to a minor degree. proposes crustal
deformation described by means of the slip-line theory as the most important reason for

the extension tectonics. McKenzie (1978) suggests motions in the boundary between the
asthenosphere and the lithoshere, while Makris (1976) believes that tectonism can be
explained by means of the uprise of a mantle plume in the central Aegean.

In addition to extension, the crust of the Aegean area has undergone significant uplift and

subsidence in different sectors during the last 12-1Ma (LePichon & Angelier, 1979, Angelier

et al., 1982). The area in the central Aegean has subsided while areas which belong to the
Hellenic Arc have been uplifted. Crete has been uplifted as much as 4 km. The vettical

motion was calculated to be about 1-3cm/century (Angelier et al., 1982). It has been
suggested (LePichon & Angelier, 1981, Angelier et al,, 1982), that this uplift has been
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caused by the accumulation of the lower sedimentary strata which is scraped off the
subducted African plate. The upper sedimentary strata is not being subducted but is
accumulated in the form of an accretionary ridge (Mediterranean ridge) 100-200km south
of the trench (Huchon et al., 1982). Similarly, the Messinian evaporites have not been
subducted but have been trapped in front of the trenches (LePichon & Angelier, 1981,
Angelier et al., 1982, Huchon et al., 1982).

Several models have been proposed to describe the tectonic motions of the broader area
in terms of regional geotectonics. McKenzie (1970, 1972) introduced the term microplates
to describe the observed regime. More specifically, he considered that the Aegean
microplate is forced to move southeastwards, because of the westward movement of the
Turkish microplate along the North Anatolian Fault, as a result of the collision between
the Arabian and the Eurasian plates in the area of Caucasus (Fig. 2.5), which occurred in
the Middle-Upper Miocene. Simultaneously, there is active subduction of the African plate
beneath the Aegean microplate. He also considered Aegean and Turkey to behave as rigid
blocks. Dewey & Sengér (1979) used the term Peloponnesian microplate for the Aegean
microplate of McKenzie and also introduced the Cretan microplate, a term which has not
been used since then. they also considered that the North Anatolian Fault has moved
westwards 80-90km since the Upper Miocene (110-120km according to LePichon &
Angelier, 1979) and that this motion is taken up by a system of grabens in the north

Aegean and the continental Greece. The latter hypothesis has been accepted by McKenzie
& Jackson 1983, 1986).

However, McKenzie (1978) considered that plate tectonics cannot explain several
features observed in the area. Furthermore, the transform fault, which had been assumed
by McKenzie (1970, 1972) as the boundary between the Aegean and the Eurasian plates
was never found in the continental Greece (Mercier, 1981). Consequently, Lepichon &
Angelier (1979) and Mercier (1981) consider the Aegean to be the deformed margin of the
Eurasian plate (Fig. 2.6). It has also been considered that the Aegean has been rotated in

a clockwise direction relatively to Europe (Fig. 2.7) about a pole located close to Arta town
in the NW Greece (LePichon & Angelier, 1979, 1981, Angelier et al., 1982). This rotation,

which was initiated in the Middle-Upper Miocene has been modified by further extension
(LePichon & Angelier, 1979, 1981, Angelier et al. 1982).

In all the aforementioned models, the initiation of the present plate-tectonic regime is put
In the Middie-Upper Miocene. However, Mercier (1981) questioned this dating and
suggested the Uppermost Miocene or even the Miocene-Pliocene boundary i.e during the
"jJump® of the convergence zone west of the lonian islands. McKenzie & Jackson (1988)

suggest a similar age for the beginning of subduction with the form that is observed today,
based on calculations about the streching rates in the Aegean area.
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Paleomagnetic data have demonstrated that rotation indeed occurred, but it was not
constantly clockwise throughout the Aegean and Westemn Anatolia (Laj et al., 1982, Kissel
et al., 1985, 1986a b, Kissel & Laj, 1988). More specifically, it was found that Western
Greece has been rotated clockwise as much as 459 since Burgigalian, and that this
rotation took place in two equal steps; the first between Burdigalian and Middle Miocene,
and the second between Upper Miocene and Recent. Between these two stages there is a
time gap of about 7 Ma, during which no rotation occurred. The second stage of rotation is
related to the "jump” of the convergence limit between the Aegean and the African plate
west of the lonian Islands (Mercier, 1981). Crete has not undergone any significant rotation

since Tortonian (Laj et al,, 1982, Angelier et al., 1982), while Rhodes at least since the
Lower Pliocene (Laj et al., 1982).

The clockwise rotation decreases from west to the east and becomes anticlockwise in
Western Anatolia (Kissel et al., 1985, 1986a,b, Kissel & Laj, 1988). The high rotation
angles recorded in Euboea Island, central Aegean, were explained with the model of
McKenzie & Jackson (1983, 1986), for deformed zones confined by rigid blocks (Kissel et
al., 1986Db, Kissel & Laj, 1988). However, Price (1989) in a similar situation in Westem

Anatolia, which has undergone similar tectonic evolution as the Aegean at least since the
Upper Miocene, found that this model cannot be applied satisfactorily. Instead he

concluded that the Aegean should be considered as a region subdivided into many smaller
areas deforming independently from one another,

Kissel & Laj (1988) presented a model for the configuration of the Hellenic Arc in the
Lower Miocene, i.e when rotation according to their data began. It was assumed that the
Arc was rectilinear having an E-W orientation (Fig. 2.8), while today it is subangular.
LePichon & Angelier (1979, 1981) considered a similar situation (Fig. 2.7) but with three
differences:

a) The E-W orientated arc is considered to be in the Lower Miocene in the model of Kissel

and Laj. On the contrary, LePichon & Angelier consider it in the Middle Miocene in their
model.

b) The arc has migrated southwards since the Middie Miocene. Kissel & Laj consider a
northward migration.

c) The area north from the pole of rotation in the model of LePichon and Angelier have not

undergone any significant rotation, whereas according to the model of Kissel & Laj those
areas have undergone maximum rotation.

It is obvious that more work needs to be done before a broadly accepted model about the
evolution of the Aegean area can be proposed. However, it seems possible that the
Aegean does not behave like a rigid block, as was assumed in several of the models

quoted, but it should be treated in terms of separate tectonic blocks moving independently
from one another (Dr. B.Scott pers. communication, 1990).
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2.2. Evolution of the volcanic activity in Aegean and its relationship to the
geotectonic regime.

Milos, Kimolos and Chios are volcanic centres with complex volcanological

characteristics. Kimolos, especially, is an almost entirely volcanic island, while in Milos
more than 70% of the exposed outcrops are volcanic. Volcanic centres are widespread
throughout the Aegean (Fig 2.9), and volcanic activity still takes place in the form of

fumaroles. Gaseous activity occurs in almost every volcanic centre of the so-called
Volcanic Arc of the Southern Aegean Sea and more specifically, in Krommyonia, Milos,
Kimolos, Santorini and Nisyros. Two main stages of volcanic activity distinct from one
another have been described (Fyticas et al., 1976, 1984):

-The Oligocene-Miocene volcanic phase which took place in the north and central Aegean,
known as North Aegean Tertiary Activity.

-The Pliocene-Quaternary volcanic phase, known as the South Aegean Active Arc.

Between these two main stages there are a number of volcanoes which erupted from the
Upper Miocene to Quaternary and which, because of their individual petrological and

geochemical characteristics, cannot be included in any of the aforementioned categories.

The volcanic rocks of Chios island were erupted during the first phase, while these of Milos
and Kimolos during the second.

The first stage (Fig. 2.9) includes volcanic rocks occuring in Thrace, NNW Anatolia and in
several islands in the north and central Aegean, including Samothraki, Lesvos, Limnos,
Agios Eustratios, Skyros, Chios, Psara and Euboea (Fyticas et al., 1976, 1984). There is
evidence that this type of activity was initiated in the Late Eocene, although its cuimination
took place during Oligocene and Miocene (Fyticas et al., 1984). The volcanism has
orogenic characteristics, but the pure calk-alkaline products are restricted in Thrace and
the central Aegean islands Skyros and Euboea. The other areas in which rocks of this

volcanic phase occur, include high-K calk-alkaline volcanites and shoshonites (Fyticas et
al., 1979, 1979). Rocks with the highest K»O content are rare in the northern part of the

area, but are relatively abundant in the central and southern sectors. This event implies an
increase of KoO towards the south (Fyticas et al., 1984). The oldest rocks are exposed in

Thrace (Oligocene age). Radiochronological data gave the following ages for the different
volcanic centres (Fyticas et al., 1984):

Thrace 33.1-23.6 Ma Chios 17.0-14.3 Ma
Limnos 22.7-17.8 Ma Psara-Antipsara 17.7-15.0 Ma
Ag. Eustratios 22.7-18.0 Ma Skyros 15.0 Ma

Lesvos 18.0-15.5 Ma Euboea 14.8-13.2 Ma

It seems that the volcanic activity migrated towards the south with time (Fyticas et al,,
1984), but it is difficult to estimate the absolute migration, because of the intense extension
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of the whole area. al least since the Uppermost Miocene (Mercier, 1981) or even earlier
(LePichon & Angelier, 1979, 1981).

The second stage (Fig. 2.9) includes the volcanic products erupted in the fairly narrow
zone of the South Aegean Volcanic Arc which includes the volcanoes of Krommyonia,

Aegina, Methana, Poros, Milos, Antimilos, Polyegos, Kmolos, Santorini, Christiana Islands,
Nisyros, Gyali, Tilos and Kos. The arc is considered to be the surface expression of the still
active subduction of the African plate beneath the Aegean. According to Fyticas et al.
(1976), the arc is composed of two smaller ones; the main outer arc and the inner arc

which is not well developed. However, more recent data (Innocenti et al., 1979, 1982b)
have demonstrated that the volcanoes of Antiparos and Kalogeri, as well as those of the

Volos-Atalanti group are connected with processes which are not related to subduction.
This volcanic activity was initiated in the Upper Pliocene, about 3my ago (Fyticas et al.,
1976, Angelier et al., 1977, Innocenti et al., 1979, Ferrara et al., 1980). The older products

occur in Krommyonia in the NW part of the arc. The calk-alkaline activity (Fyticas et al.,
1976, Innocenti et al., 1981, Fyticas et al., 1984) has K»o0/Na»O ratios closer to the values
of the island-arc type than to Andean-type calk-alkaline rocks (Innocenti et al., 1981).

The structures of the volcanoes which erupted in the Southern Aegean Volcanic Arc are
not the same throughout the entire area of the arc (Innocenti et al., 1981). In the WNW
sectors small lava domes predominate (Krommyonia, Aegina, Methana, Poros), while in
the central and eastern sectors large composite volcanoes generally associated with
caldera structures occur (Milos, Santorini, Nisyros). These characteristics have been
attributed to differences in time and space, of the tectonic regime prevailing during the

evolution of the arc (Innocenti et al., 1981, Fyticas et al., 1984), and more specifically to
the intensity of the extensional tectonism in the various parts of the arc.

Between the two main volcanic phases, local volcanic events have occurred all over the
Aegean area except in the northern sector (Fyticas et al,, 1979, 1984). This eruptive

activity took place between the Upper Miocene and the Quaternary, and the eruptive
products are limited in volume. Fithermore, their characteristics are distinctively different

from those of both the previous categories and have been classified in four groups (Fyticas
et al., 1984):

a) Sodic-alkaline products localized mainly in the Eastern Aegean area and the Westem

Anatolia. They crop out in the island of Samos (8.3-7.8 Ma), Patmos (3.5-4.1 Ma), Kaloger
(6.0 Ma), Psathoura (0.5 Ma) and tne Western Anatolia (Innocenti et al., 1982a).

b) Highly potassic alkaline lavas with shoshonitic affinity never continous in space or time

with the volcanics of the two previous phases. They crop out in Kos, Patmos, and Bodrum

(10.6-7.0 Ma), as well as in the NW Greece (Voras mountain; age ranging from 5.0 to 1.8
Ma).
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c¢) Rhyolites formed from crustal anatexis outcropping on the island of Antiparos with age
ranging from 5.4 to 4.0 Ma (Innocenti et al., 1982b), connected with the Upper Miocene
intrusives present everywhere along the southern margin of the Attic-Cycladic Massif.

d) Volcanics of the Volos-Atalanti group (3.4-4.0 Ma; Innocenti et al., 1979).

To explain the distribution of volcanic activity in both time and space, Fyticas et al. (1984)
and Papanicolaou (1986) considered that a migration of the subduction zone towards the
south has taken place in time. According to Fyticas et al. (1984), increase of the angle of
subduction is responsible for the enrichment of the volcanic products of the first stage in

KoO during the evolution of volcanism (Upper Eocene to Middle Miocene). Orogenic
activity was interrupted in the Middle Miocene, because the subducted plate was cut off.

Consequently, the volcanic arc migrated to the South Aegean Sea, since subduction
started again and the South Aegean Volcanic Arc which is still active today was formed
(Fig. 2.10).

However, Robertson & Dixon (1984) based on data of Altherr et al. (1982) questioned the
aspect of the southward migration of the volcanic arc from the area of Thrace and North

Aegean to its present position. Altherr et al. (1982) considered the Oligocene-Miocene High
Pressure/Low Temperature metamorphic rocks of the Phyllite-Quartzite series in the

external tectonometamorphic zone of the Hellenides, cropping out in South Peloponnese
and Crete, known also as Arna Geotectonic Unit (Skarpelis, 1982, Papanicolaou, 1986),
and the Plattenkalk series as a result of the subduction of a southern strand of the
Neotethys under Eurasia. Thus considering the space distribution of volcanism at that time,
it is difficult to assume that this subduction process accounts also for the volcanic activity in
Thrace (Robertson & Dixon, 1984). Instead, they accepted the assumption of Papavasilliou
& Sideris (1982) who proposed subduction of the Axios zone (Vardar zone) under the
Rhodope Massif to be the most plausible explanation for the Thracean volcanism of
Oligocene-Miocene.

The existence of a second subduction zone in the area of the North Aegean, either within
the area of the Rhodope Massif or north of it, has also been assumed by Kissel & Laj

(1988) in an attempt to explain their paleomagnetic data. This subduction zone was active
at least between the Early Paleocene and the Middle Miocene. Finally, Papazachos (1976)
suggested the existence of a Benioff zone under Rhodope dipping northwards with an
angle of about 309, based on scarce seismic data. However, recent geochemical data

(Jones et al,, 1992) suggest that the Cenozoic magmatic activity in the area of Northern
Greece is not associated with an active subduction zone, but is related to the extensive

regime prevailing in the area. Also, the Upper-Middle Miocene volcanism in the central and
Eastemn Aegean is probably associated with the crustal extension-related volcanism in

Western Anatolia. The north-south directed extension was triggered by the collapse of the
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Alpine orogen which probably began as early as the Lower Miocene or even the Upper
Oligocene (Seyitoglu & Scott, 1991).

The scattered volcanic activity which took place between the Upper Miocene and
Quatemary in central and eastern Aegean is also associated with the same intra-plate
extensional regime (more recent products), which created a series of E-W orientated
lineaments (Fyticas et al., 1984). The more pronounced features of this tectonic regime are
the roughly E-W orientated grabens which have formed since the Upper Miocene in the

Western Anatolia (Sengdr et al.,, 1985). Similarly, the volcanoes of the Volos-Atalanti group

and those of Voras mountain are related to intense extensional tectonics in continental
Greece (Fyticas et al,, 1984)

2.3. Summary

The islands of Milos, Kimolos and Chios are situated in the Aegean in the deformed
Eurasian margin. Milos and Kimolos are members of the Volcanic Arc of the Southem
Aegean Sea characterized by calk-alkaline activity, which is probably related with the
subduction of the African plate under the deformed Eurasian margin. This activity began in
the Upper Pliocene and continues to the present in the form of fumarolic activity in most of

the volcanic centres. The volcanic activity in the island of Chios is older (Lower to Middle

Miocene) and is probably connected with the intraplate extensional regime due to the
collapse of the Alpine orogen.
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CHAPTER THREE

GEOLOGICAL FEATURES

3.1. Regional geology of the study areas.
3.1.1. Milos island

Milos is a volcanic island which, in terms of the geology of its basement, belongs to
the Northermn Cyclades geotectonic unit (Papanicolaou 1986). This unit belongs to the
Intermediate-Tectonic-Metamorphic Zone of the Hellenides; its main characteristic is
the existence of crystalline rocks metamorphosed under conditions of High
Pressure/Low Temperature (glaucophane schists, eclogites), which underwent a
retrograde metamorphic event under conditions of greenschist facies.

The stratigraphic sequence of the island is composed of four distinct geological
formations (Sonder 1924, Fyticas 1977):

-The alpine metamorphic basement.
-The Neogene sedimentary sequence.

-The volcanic sequence of Upper Pliocene-Quaternary age.
-The alluvial cover.
The most important of these formations in terms both of volume and economic

significance is the volcanic sequence, It occupies more than 70% of the total area of

the island (Fig. 3.1) and Is associated with a number of mineral deposits including
bentonite, kaolin and barytes.

3.1.1.1. The alpine metamorphic basement

The metamorphic rocks of the basement are known only from small outcrops in the
southern and SE part of the island (Fig. 3.1). Their limited volume and number of outcrops
do not allow the description of the total stratigraphic column of the unit. Generally it is
difficult to give a definite stratigraphic sequence representative of the whole Notthem
Cyclades geotectonic unit because it changes from place to place (Papanicolaou 1986).

However, in the island of Andros, where more stratigrphic horizons of this unit are exposed
Papanicolaou (1978) described the existence of a carbonate sequence, the depositional

characteristics of which change from those of shallow marine water in the base to a pelagic
environment in higher horizons. In the intermediate horizons the presence of clastic

metasediments and metavolcanics associated in places with Mn-deposits and hematite-rich

schists is very common. In the upper horizons of the stratigraphic column the pelagic
carbonate sequence evolves into
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FiGURE 3.1. Geological map of Milos Island (modified after Fyticas et al, 1986). Key to the
numbers: 1 = metamorphic basement, 2 = Neogene sedimentary sequence, 3 = basal
pyroclastic series, 4 = complex of lava domes and lave flows (Upper Pliocene), S = Lower
Pleistocene pyroclastics, 6 = Lower Pleistocene lava domes, 7 = Halepa and Plaka domes,
8 = Rhyolitic complexes of Trachilas and Phyriplaka, 9 = preducts of phreatic activity, 10 =

Quatemary sediments, A= Kleftico area, B=Agia Irini area.
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a wild metaflysch. According to Papanicolaou (1986) the metamorphic grade increases
in a north-south direction (8Kb/320°C in the Southern Euboea, 10Kb/480°C in Andros
island and 14Kb/500°C in Syros island. Since the whole sequence has been

metamorphosed under conditions of high pressures and moderately high temperatures

there are not sufficient paleontological data preserved (Papanicolaou 1986). The age of
the marbles in the base of the sequence is Upper Triassic (Melidonis 1980), while the
wild-flysch is probably Upper Cretaceous-Eocene (Papanicolaou 1986). The above
limited data indicate that the Geotectonic Unit of Northern Cyclades is of Alpine Age
and might belong to the so called External Hellenides.

In Milos island, the metamorphic basement has been studied in detail by Hoffmann &
Keller (1979) and Kornprobst et al. (1979). Kornprobst et al. (1979) distinguished three
stages of recrystallization of the metamorphic rocks:

-The first is characterized by lawsonite-free jadeite eclogites metamorphosed under
High-Temperature/High Pressure conditions (1 5Kb/500-600°C).

-The second is represented by lawsonite-eclogites and glaucophane schists
corresponding to metamorphic conditions of high pressure/low temperature (6-

1 1Kb/300-350°C). Hoffmann & Keller (1979) suggested temperatures around 350°C
and depth of burial at least 15km.

-The third stage is dominated by low-pressure/high temperature assembages
(greenschist facies mineralogy).

The second and third stages are considered to be the beginning and end of the same
event (Kornprobst et al. 1979). Thus, the rocks which were crystallised within the
jadeite-eclogites field, due to rapid subduction, were recrystallized in the lawsonite
stability field (lawsonite-eclogites and glaucophanites) under lower temperatures.
Finally, recrystallization within the greenschists metamorphic conditions was
characterised by low pressures and increasing temperatures. According to Fyticas
(1977) the metamorhic rocks of the basement cropping out in the SE Milos compose a
type of wild metaflysch. If this is the case, then they might belong to the Upper
horizons of the Northern Cyclades Unit.

Geochronological data for the first metamorphic event suggest a Middle Eocene age
(45£5my in Naxos, 42my in Siphnos according to Altherr et al. 1979). Similar data for
the culmination of the second event which is represented by the greenschiet facies
assemblages indicate an Upper Oligocene-Low Miocene age (Altherr et al. 1979,
Andriessen et al, 1979). The later metamorphic event might be related to the high
pressure/low temperature event recorded on rocks in the Southern Peloponnese and

Crete, which according to Seidel et al. (1982) also took place in the boundary between
Oligocene and Miocene.
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3.1.1.2. The neogene sedimentary sequence

The Neogene sedimentary sequence has been described in detail by Fyticas (1977).
The members of this series crop out in the southern part of the island (Fig. 3.1) in the
so called isthmus of Provatas. It is believed that it continues in the north and east

under the rocks of the volcanic sequence and the alluvial cover (Fyticas 1977),

because rock fragments belonging to this series have been found in pyroclastic
horizons in several occasions.

The series begins with a basal conglomerate up to 30m thick, which is composed
mainly of pebbles belonging to the metamorphic basement. This indicates a marine
transgression over a land consisting of metamorphic rocks. Often, thin beds of
cemented sand-size crystalline material are interbedded with the conglomerates, while
sporadically thin yellow or red intercalations of clayey material are present. The source
of the cementing agent is terrestrial; generally calcitic cement is absent.

The basal conglomerate is followed by a shallow marine carbonate sequence, the
thickness of which varies up to a maximum of 150m. The limestones are relatively pure
without significant marly and/or sandy impurities. They are well bedded and have

undergone a mild diagenesis. Sporadically they are interbedded with thin beds of
conglomerates, while in places coral reefs are present. Characteristic microfossils

(Fyticas 1977) are Elphidium crispum (CINNE), Globorotalia puncticulata (DESHAYES)
and Sphaeroidinellopsis Seminulina (SCWAGER). These microfossils indicate that the

age of the carbonate series is Miocene-Low Pliocene. This means that the carbonate

sequence is post-Alpine and that the Alpine (Cretaceous-Eocene) age determination of
Sonder (1924) is false.

3.1.1.3. The Volcanic Sequence

The volcanic sequence of the island was first studied by Sonder 1924, but the it was

the work of Fyticas (1977) and Fyticas et al. (1986) which provided detailed information
about the evolution of the volcanic activity on the island.

The volcanic rocks occupy more than 70% of the outcrops observed on the island
(Fig. 3.1). The volcanic activity was initiated in the Upper Pliocene (Fyticas et al. 1976,
1986, Ferrara et al. 1980) and is considered to be triggered by the subduction of the
African Plate under the deformed margin of the Eurasian Plate (Ninkovich & Hays

1972, Boccaletti et al., 1974, Fyticas et al., 1976, Fyticas 1977, Ferrara et al., 1980,
Fyticas et al., 1986). Volcanism was first manifested in the western sector of the island:

it was then transferred to the eastern pan before its last migration in the central areas
of the island (Fyticas et al., 1986).
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The oldest volcanic products deposited on the island are pyroclastic rocks mainly of
submarine origin, and belong to the basal pyroclastic series (Fyticas et al., 1986).
The age of this series varies between 3.5 and 3.0 my i.e Middle-Upper Pliocene. It is

exposed mainly in the SW part of the island and consists of pyroclastic flows,
submarine tuffs, pumice flows and occasionally, pillow lavas and pillow breccias

(Fyticas et al.,, 1986). A typical stratigraphic column of the unit from the area of
Kleftico (Fyticas et al. 1986) is shown in Figure 3.2. The sequence begins with well
stratified tuffite layers forming thin beds and evolves to strata composed of pyroclastic
flows. Within these horizons thin diatomite-rich beds are often intercalated. Locally the
series is terminated with basic volcanic rocks (basaltic andesites) products of
submarine volcanic activity, with characteristic structures (pillow lavas, pillow breccias,
hyaloclastites). The tuffaceous horizons of the series do not extend to the eastern part
of the island as Fyticas (1977) had initially assumed.

The rocks of this sequence have been substantially altered by secondary
hydrothermal alteration associated principally with the lava domes which were
emplaced later (see below) (Fyticas 1977). This resulted in the formation of small

kaolin deposits and a Mn-deposit in the NW part of the island at the area of Cape Vani.

The hydrothermal activity has often obliterated the initial structural characteristics of
the original tufts.

The basal pyroclastic series is followed by a complex of lava flows and domes
(Fyticas et al., 1986) of intermediate composition (andesitic-dacitic) which covered the
rocks of the previous series. This complex is also restricted in the western pan of the
island. The major feature of this volcanic episode is the change of its character from
submarine to subaerial. The age of this complex varies between 2.4 and 2.0 my i.e
Upper Pliocene. The lavas are associated with small volumes of pyroclastic rocks
which are the products of small volcanic centres. According to Fyticas et al. (1986) the
largest domes are associated with NNE or NE structural faults confirming the relation
between extension tectonism and volcanism observed by Angelier et al. (1977). These
volcanic centres are also associated with hydrothermal activity which altered the

pyroclastic rocks belonging to the basal pyroclastic series. This hydrothermal activity

has caused extensive silicification of some of the lava domes; for example the volcanic
complex of Profitis Elias (Fyticas 1977).

Petrologically, the andesitic rocks are characterized by porphyritic and/or (less often)
microlitic texture, with basic plagioclase phenocrysts associated with augite and
hypersthene, and occasionally common and/or basaltic hornblende phenocrysts. Biotite
and olivine are very scarce. Accesory minerals are magnetite, apatite and zircon. The

groundmass is principally glassy and occasionally microlitic with crystals similar to the
phenocrysts.
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FIGURE 3.2. Stratigraphic sections in the areas a) Kleftico and b) Agia Irini (after Fyticas et

al.,1986).. Key to the numbers: 1= pillow lavas (a) and pillow breccias (b), 2 = pyroclastic flows

including tutfite layers, 3 = thinly stratified and ondulated tuffite layers, 4 = ash flow deposits
(a) and with fossils (b), 5 = diatomite-rich ash deposits.



The dacitic rocks are dominated by porphyritic texture (less often microlitic), with
phenocrysts predominately of acidic plagioclase and subordinate quartz, common
hornblende, biotite, and sometimes pyroxenes. Magnetite is present as an accessory
mineral. The groundmass is either glassy characterised by pertlitic texture, or microlitic,
with microlites of plagioclase, quantz hornblende and biotite.

After the emplacement of the complex of lava flows and domes, the volcanic activity
migrated to the eastern and northen sector of the island. A series of lava domes,

mainly acidic were emplaced, and submarine pyroclastic rocks were deposited in
those areas. The oldest rocks of these series compose the rhyolitic dome of
Demenegaki in the eastem part of the island (1.84+0.08 my). The pyroclastic rocks are
exposed mainly in the northern part of the island. Typical stratigraphic columns of the
pyroclastic rocks are shown in Figure 3.2. The stratigraphic sequence of these rocks
changes from place to place. It is mainly composed of different horizons of pyroclastic
flow deposits which locally include tuffite layers. They are interbedded with ash flow

deposits and diatomite-rich ash deposits. Locally, the pyroclastic rocks of the sequence
are covered by hyaloclastites of andesitic composition.

The composition of the lava domes varies between broad limits (from rhyolites to
andesites), although the acid materials predominate. The rhyolitic rocks are

characterized by vitrophyric texture with phenocrysts of acidic plagioclases, quartz and
occasionally sanidine embedded in glass. Hornblende phenocrystals are always
present while biotite and pyroxenes are scarce. Magnetite is present as an accessory
mineral. The glass commonly has perlitic textures. The andesitic and dacitic rocks of
the series have mineralogical composition similar to that of the intermediate rocks in
the westem part of the island described above.

By the end of Pleistocene the volcanic activity migrated to the central part of the
island and formed the acid centres of Trachilas in the northem and Fyriplaka in the

southern part of central Milos (Fyticas, 1977, Fyticas et al., 1986). Both complexes are
very recent (0.38 my and 0.14-0.09 my respectively). In the acid complex of Trachilas
pyroclastic surge deposits products of interaction between magma and water, formed
the wide basal ring of the voicano. The volcanic activity gradually changed character
and converted to effusive; eventually lavas of rhyolitic composition closed the volcanic
cycle.

The volcanic complex of Fyriplaka was formed by two separate events which are

dominated by explosive activity (Fylicas et al., 1986). The first one started with the
formation of a wide basal ring-tuff followed by a pyroclastic cone made of blocks and
lapilli. This phase was terminated with the effusion of acidic lavas. This cycle was

followed by a series of intensive phreatic explosions which brought on the surface
material from the metamorphic basement.



The second cycle started with the formation of a wide ring-tuff which is a surge

deposit, indicating the presence of phreatomagmatic activity. The lower parts of this
horizon include blocks of the metamorphic basement. This activity was continued by
the formation of an inner ring-tuff evolving to a cone of blocks and lapilli similar to the
first cycle. In the depression which resulted from the coalescence of these cones, a
series of small cones associated with lava flows were formed. These lava flows are
mainly perlitic and flowed towards the gulf of Milos in a NW direction.

The initial stage of the different cycles is often phreatic evolving into a
phreatomagmatic one. The later phases are usually dominated by the effusion of lavas.

According to Fyticas et al. (1986) the initial phreatic phase causes fracturing of the
country rocks, aliowing circulation of water and interaction with the magma;

consequently the hydromagmatic stage takes place. In the later stages, the water-

magma interaction decreases significantly, and effusive products (lavas) dominate. In

other words, in both the two acid volcanic centres, the water/magma interaction
decreases towards the later stages of their development.

Petrologically, the rocks in both the volcanic centres are rhyolites. In the Trachilas

complex rhyolites have vitrophyric texture with phenocrysts of quartz, sanidine, acidic
plagioclase, biotite and Fe-hydroxides and glassy groundmass. In Fyriplaka, the

rhyolites of the main crater have perlitic texture and are characterised by phenocrysts
of acidic plagioclase, quartz sanidine and occasionaly pyroxenes.

In the eastern sector of the island there is a widespread formation dominated by a
"chaotic” structure l.e it lacks any internal structural organization. It includes blocks and
agglomerates belonging to various volcanic rocks as well as to the metamorphic
basement. The main pant of this formation corresponds to the characteristic horizon of

green lahar proposed by Fyticas (1977). However, this term has been reappraised by
Fyticas et al. (1986) and this chaotic formation is considered to be the product of

several phreatic explosions. The thickness of this formation varies from place to place

and becomes maximum close to volcanic centres and its age is certainly Quaternary;
probably younger than 0.2 my (Fyticas et al., 1986).

3.1.2. Kimolos island

Kimolos is an almost entirely volcanic island (Fig. 3.3). with geological evolution
similar to that of Milos island. The volcanic products are predominately pyroclastic
rocks which were erupted between the Upper Pliocene (3.5 my) and the Middle
Pleistocene (0.9 my) (Fytikas & Vougioukalakis, 1992). Two cycles of volcanic activity
have been recognized (Fytikas & Vougioukalakis, 1992): The first between 3.5 and 2.0
my which produced the ignimbrite of Kastro which occupies more than half of the entire
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FiGURE 3.3a Schematic Geological map of Kimolos Island (modified after Fyticas &

Vougioukalakis, 1892). Key to the numbers: 1 = granitic body, 2 = Kastro ignimbrite, 3 =

hydrothermally altered volkanic rocks, 4 = andesitic and dacitic dykes and lava flows and

domes, 5 = Kimolos village breccia, 6 = ignimbrite of Prassa area (NE Kimolos), 7 = pumice

flows, 8 = hydrovolcanic pyroclastics of Maar type, 9 = lava flows of the Geronikola area and

domes and lava flows of the Psathi area, 10 = nuee’ ardente pyroclastic breccia of the

Korakies area, 11 = reworked pyroclastic breccia of the Korakies area, 12 = alluvial deposits,

13 = scree, elluvial and beach deposits.



FIGURE 3.3b. Schematic geological map of Chios Island (modified after Besenecker et al.,
1968). Key to the numbers 1= paleozoic rocks and associated volcanics (autochthonous unit),
2 = paleozoic rocks (autochthonous unit), 3 = allochthonous unit, 4 = Neogene rocks and
associated volcanism, 5 = thurst, 6 = study area.
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area of the island (Fig. 3.3) and the andesitic and dacitic lavas cropping out in the
central and eastern pan of the island.

The second cycle was active between the Lower and the Middle Pleistocene (2.0-
0.9my) and produced the ignimbrite at Prassa, the andesitic pyroclastics and lavas of

Geronikola, the rhyolitic pyroclastics of Psathi and Myrsini in the southern part of the
island and finally the rhyolitic domes of Psathi, Xaplovouni and Mersini. After the

extrusion of these domes the volcanic activity ceased.

The source of the magmas which gave rise to the volcanic rocks in both islands is a
matter of controversy among different workers. Nicholls (1978) proposed a complex
model for the volcanic rocks of Santorini, according to which partial melting of the
underlying oceanic slab produced magmatic fluids enriched in Large lon Lithophile (LIL)
elements. Those fluids reacted with the upper mantle wedge causing its subsequent
melting and generating basic magmas with calc alkaline characteristics. The latter
magmas underwent fractionation during their ascend to higher levels, giving rise to

more acid products. Innocenti et al. (1981), based on trace elements relationships,
rejected the idea of a magmatic contribution from the subducted oceanic slab. Instead
they proposed a model which attributes the variability in LIL elements among the

various volcanic islands of the South Aegean Volcanic Arc (SAVA), including Milos and
Kimolos, to the inhomogeneity in the composition of the upper mantle, probably caused
by hydrous fluids.

Fyticas et al., (1986) and Briqueu et al., (1986) agreed that the less evolved rocks of
Milos have been derived from mantle derived magmas which underwent contamination

with crustal material, while the more evolved ones are products of simple fractionation
processes of intermediate magmas. However, Mitropoulos et al., (1987) rejected the
possibility of crustal contamination, or any contamination from subducted pelagic or

terriginous sediments. They attributed the trace element patterns observed throughout

the SAVA to inherited LILE enrichment which took place during the long period of
subduction processes in the area.

3.1.3. Chios Island

The geological formations which crop out on Chios island can be divided into two

distinct groups: the pre-Neogene rocks and the rocks of the Neogene sequence. The
pre-Neogene rocks have been further subdivided into two tectonic units (Besenecker et

al., 1968, Kauffmann, 1969): an autochthonous one characterized by a discontinuous
sedimentary succession from Silurian to Jurassic, and an allochthonous unit

comprising a discontinuous sedimentary succession from the Carboniferous to the
Jurassic (Fig. 3.3b).
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3.1.3.1. The autochtonous unit

It covers the larger part of the island. It begins with a clastic sequence dominated by
grey or occasionally reddish sandstones, the age of which is not known with certainty
due to the lack of fossils (Besenecker et al., 1968, Herget & Roth, 1968, Roth 1968,
Herget 1969 Papanicolaou & Sideris 1983, Sideris 1986). It includes blocks of various
lithologies (limestones, flints, slates, volcanic rocks), sizes and ages. The origin of this
sequence has been a point of controversy between different geologists. Two possible
modes of origin have been postulated. The old one suggests a normal stratigraphic
sequence with some stratigraphic hiatus mainly in Lower and Middle Devonian,
beginning in Silurian (Llandovery) and terminating in the Upper Carboniferous
(Besenecker et al., 1968, Herget & Roth, 1968, Roth, 1968, Herget 1969). The second
hypothesis supports the idea of a wild flysch with a possible Permian age, which
includes olistoliths of various ages and sizes (Papanicolaou & Sideris 1983,

Papanicolaou 1986, Sideris 1986). The latter hypothesis seems more plausible as it
was proven from observations of the contacts and the different type of deformation
between the various olisthostromes and the sandstone matrix (Papanicolaou & Sideris,
1983, Sideris 1986), the lack of systematic time and phase-sequence between the
various blocks (shown by the admixture of blocks of different ages and depositional
environments, Papanicolaou & Sideris 1983, Sideris 1986), and the nature of the
mineralization connected with the volcanic blocks (Lambropoulos & Kaminari 1989).
According to this model, the olistoliths are distributed in four distinct formations

dipping towards the east and appearing again in the eastern part of the island, i.e they
form a synclinal structure with the older olistoliths in the centre of the structure (Sideris

1986). The four formations from east to the west are the following (Sideris 1986):

-Melanios formation (mainly limestone and volcanic blocks of the Lower
Carboniferous)

-Nenitouria formation (volcanic, schists, and limestone blocks of the Lower
Carboniferous)

-Drymonas formation (volcanic, and shallow water limestone blocks of Lower
Carboniferous, pelagic limestone blocks of Devonian age)
-Agrelopos formation (mainly large limestone blocks of Silurian age)

The transition to Trias is again another point of controversy among the various
workers. Besenecker et al. (1968) consider a discontinuous succession, associated

with a hiatus, characterized by a basal transition series composed of three different
horizons:

-A basal conglomerate having a thickness varying from 0 to 40m foliowed by
-a sandstone horizon having a thickness up to 20mand a
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-basal limestone which in its lower levels alternates with sandy-maris, having a
thickness varying from a few tens of metres up to 100m.

The total transition series is preserved only in the northern pant of the island. The
conglomerates first and then the sandstones disappear towards the south;
consequently, in the central areas of the island the basal limestones are in direct
contact with the Paleozoic rocks.

However, Sideris (1986) considers a gradual transition from the Upper Permian to
Scythian without any discontinuities and consequently without any hiatus. This
assumption is based on the fact of the existence of conglomerates in the uppermost

sectors of the Permian wild-flysch like horizon which have similar characteristics to
those of the transition series.

The age of this transition series is Scythian.

Above the basal limestones of the transition series a thick sequence of massive
limestones and dolomites follows, having an Upper Scythian-Low Anisian age. lts
thickness varies between broad limits reaching 500m in places and it is closely
associated with the underlying basal limestones. In the higher sectors of this carbonate
sequence the limestones are converted to red limestones with characteristics of the

Hallstatt facies (i.e rich in cephalopod fossils especially ammonites). Towards the end
of the carbonate sequence, the limestones appear to be brecciated.

In the Upper Anisian the character of sedimentation changed due to tectonic
instability (Besenecker et al. 1968). This situation lead to the deposition of a variety of
rock types including limestones, matls, sandstones and conglomerates. Also, volcanic
activity produced a number of tuffaceous horizons. Stratigraphic hiatus of very small
scale are present, but generally the series can be considered as being continuous. In
the upper horizons of this series the sedimentary conditions changed again, leading to
the deposition of marly limestones.

From the beginning of the Ladinian up to the Lias the stratigraphic column of the
autochthonous unit is composed of a thick carbonaceous sequence consisting of
massive and locally thick-bedded limestones and dolomites characteristic of a shallow
depositional environment. The sequence has a maximum thickness of 1000m. In
several stratigraphic levels during the Upper Ladinian-Karnian local emergence caused
the formation of small bauxitic horizons without any economic importance. Also, during
the Lias another emergence caused the change of the character of sedimentation to a
clastic one. This led to the deposition of conglomerates and sandstones which later
evolved to limestones as the sedimentary conditions changed again (Besenecker et al.,
1968).

The abrupt changes of the depositional environments during the Trias and the Lias, most
probably due to tectonic events (Besenecker et al., 1968, Sideris 1986) as well as
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the manifestations of volcanism in several areas of the island during that period, have
been attributed to regional tectonic events associated with the relative movements of

the Cimmerian continent with respect to the Eurasian margin, as the Neotethys ocean
was opening (Monod & Akay 1984, Sideris 1986).

Finally, at the southern end of the island a clastic hotizon consisting of
conglomerates, associated with marly sandstones is developed, forming an
unconformity with the underlying horizons of Lower Mesozoic. The age of this horizon
is not known with certainty but it is believed to be Paleogene, since some of the
pebbles of the conglomerate include Maastrichtian fossils (Upper Cretaceous),

belonging to the allochthonous series (Besenecker et al., 1968, Ludke 1969). A

schematic stratigraphic column of the autochthonous unit is depicted in Figure 3.4
(Sideris, 1986).

3.1.3.2. The allochthonous Unit.

It constitutes a discontinuous succession from the Lower Carboniferous to the Upper

Cretaceous, with large hiatus in the Lower and Upper Mesozoic (Besenecker et al.,
1968, Kauffmann 1969, Sideris 1986).

The Lower Carboniferous is represented by dark bedded bituminous limestones with
conodonts, the thickness of which is not known with detail. These limestones are

isolated from the higher placed stratigraphic members of the succession.

The Upper Carboniferous is represented by a sequence of clastic sediments
alternating with massive marine limestones. The sequence begins with products of
clastic sedimentation, greywackes and shales, evolving into a carbonate succession
consisting of massive and in places bedded limestones in which thin sandstone and
quartz-conglomerate beds locally occur. The thickness of these limestones reaches up
to 70m.

Above the Upper Carboniferous, a predominately clastic sequence of Lower Permian
age follows. It consists mainly of greywackes and shales with intercalations of reef-
limestones containing corals, foraminifera, and algae fossils, as well as limestone-rich
conglomerates and breccias without fossils. These rock-types imply a complex

depositional environment consisting of small reefs amidst a basin where clastic
sedimentation was taking place (Besenecker et al., 1968).
In the Middle and the Upper Permian the sedimentary environment changed again

and limestones become again the main lithofacies (Besenecker et al., 1968). They are
thin- bedded, dark brown bituminous limestones which occasionaly include thin beds of

marls. The thickness of the sequence reaches up to 60m in the Northern pan of the
Island, but it decreases dramatically towards the south and is completely absent south
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of the area of Langada in the NE part of the island.

The Upper Permian is followed directly by Lias due to the existence of a large hiatus
which includes the whole Triassic. An exception to that is a small outcrop of Karnian
rocks (Upper Triassic) which are exposed in the NE pant of the island (Marmaro area).
Consequently, the Lias transgression caused the deposition of a thin basal formation a
few metres thick, composed of red shales, sandstones and conglomerates. This basal

series is followed by a carbonate sequence a few hundered metres thick consisting of
thick-bedded limestones and dolomites. The age of this sequence is Lower Lias.

Finally, in southern Chios a thin (20m) sequence of marly-limestones and marls with
a thin conglomerate deposited with a small unconformity over the Lias carbonates has
been reported by Besenecker et al. (1968) and Ludke (1969). The age of this horizon
has been determined by rudist fossils as Santonian-Maastrichtian (Upper Cretaceous).

The stratigraphic sequence of the allochthonous unit of Chios island, does not occur
in any other area of Greece. Sideris (1986) considers that it might be a part of the

Cimmeririan continent. A schematic stratigraphic column of the allochthonous unit is
depicted in Figure 3.4 (Sideris, 1986).

3.1.3.3. The Neogene Sequence

The Neogene sedimentary succession crops out in the SW part of the island.

Lithologically it is divided in three horizons from bottom to the top (Besenecker et al.,
1968, Besenecker, 1973):

-A sandstone sequence up to 150m thick.

-A sequence composed of alternations between clays and sands 100-250m thick.
-A lacustrine marly-limestone sequence more than 250m thick in places.

The sandstone sequence has been deposited with an angular unconformity over the
Mesozoic-Palaeozoic rocks of the basement. It consists of brown-red medium to fine
grained poorly sorted fluviatile and/or lacustrine sandstones, with calcareous or
argillaceous cement. Amidst the mass of the sandstone a thin, yeliow-red marly
horizon is present. This sequence corresponds to the Thymiana-layers described by
Besenecker (1973).

The aforementioned sequence evolves to fine-grained sand beds alternating with red and
green clay horizons of Upper Miocene age dipping with 10%-15%ina south eastern
direction. These beds include a very characteristic tuffaceous-horizon which Besenecker et
al. (1968) describe as "Bimstuff* i.e light tuff, while Kreatsas (1 964) characterizes it as
bentonite. The sequence has been divided by Besenecker (1973) into two units, the lower

Zyfia layers, up to 150m thick, which are richer in sand relative to clay, and the upper
Keramaria layers 60-130m thick, where the clay
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FIGURE 3.5a. Geological map of the Neogene rocks of Chios in the field area (modified after
Besenecker, 1973). Key to the numbers: 1 = Paleozoic rocks (greywackes) 2 = Mesozoic
limestones and dolomites 3 = Thymiana layers, 4 = Zyfia layers, 5 = Keramaria layers, 6 =
Nenita layers, 7 = alluvial deposits, 8 = main bentonite occurrence (field area).

Calcarecus
Concretion

FIGURE 3.5b. Location of the bentonite bed in the transition between the Zyfia and Keramara
layers (after Besenecker, 1973).



horizons predominate. The bentonite horizon is situated a few metres above the

boundary between these two sub-units (Fig. 3.5), and in some cases determines their
contact (Fig. 3.11Db).

The Neogene succession terminates with a lacustrine, marly-limestone formation,
which Besenecker (1973) named Nenita layers. It is a white to silver-white thin

bedded formation which includes intercalations of clay or sand bands and thin coai
beds.

The age of the Neogene succession has been determined as Upper Miocene-Early
Pliocene mainly from paleontological evidence (Besenecker et al., 1968, Besenecker,
1973). However, radiometric data from the volcanic rocks cropping out on the island,
including data from the tuffaceous horizons associated with the Neogene sediments,
determined a Lower to Upper Miocene age (Burdigalian-Tortonian), i.e 17-11 my
(Belon et al., 1979). Very similar ages have been determined in volcanic rocks
associated with Neogene basins in Western Anatolia (Seyitoglu & Scott, 1991).

The volcanic activity produced a number of small-volume outcrops the geochemical
characteristics of which are calc-alkaline (Besenecker & Pichler, 1974). An exception to
this trend is exhibited by a lati-basalt (basalt according to Ludke, 1969) cropping out in
the southern part of the island (Pirgi area) which exhibits alkaline characteristics

containing normative nepheline (Besenecker & Pichler, 1974). The age of this alkaline
episode was estimated as Upper Miocene. Acording to Besenecker (1973) and
Besenecker & Pichler (1974), the calc-alkaline volcanism postdated the alkaline

episode and has been divided into an rhyolitic one (Upper Miocene-Lower Pliocene),

followed by an andesitic episode (Upper Pliocene-Pleistocene). However, more recent
geochronological data (Belon et al., 1979, also see Fyticas et al., 1984) showed that

the volcanism is older (17-11 my i.e Lower-Upper Miocene) and that the different

volcanic outcrops belong to a single volcanic cycle, being closely associated with the
volcanic rocks of the Western Anatolia.

Detailed petrological investigation of the volcanic rocks has been carried out by

Besenecker & Pichler (1974). The rhyolitic rocks have porphyritic texture, with
phenocrysts of plagioclase having an oligoclase to acidic andesine composition (Anoq.

q5), sanidine and quartz, with subordinate biotite. In the glassy (cryptocrystaliine in
places) groundmass microliths of the same mineralogical composition as the
phenocrysts, with the addition of hornblende and possibly some pyroxene, are present.

The andesitic rocks are characterized by a porphyritic texture with phenocrysts of
plagioclase of labradorite composition (Angq.7¢), augitic pyroxene, and occasionaly

olivine and hypersthene. The groundmass has hyalopilitic texture consisting of
microlites of plagioclase, clinopyroxene and opaque minerals.

Finally, the lati-basalt exhibits porphyritic texture with phenocrysts of Ti-augite with
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characteristic hour-glass texture (Besenecker & Pichler, 1974), olivine (mainly replaced

by serpentine and iddingsite) and occasionally plagiclase of bytownite composition
(An70.75), embedded in a hyalopilitic groundmass. The latter consists of microlites of

plagioclase and clinopyroxenes with opaque minerals.

3.2. Structure
3.2.1. Milos-Kimolos

The tectonic features of Milos and Kimolos Island have been studied with detail by

Fyticas (1977), Angelier et al. (1977), Simeakis (1985) and Papanicolaou (1988). Both
islands have been affected by the same tectonic events since they are situated closely

in space (Fig 3.6a).

Since the Alpine metamorphic rocks outcrop only in a small number of places
occupying minimal areas, the alpine tectonic events have not played an important role
on the tectonic characteristics observed on the island. On the contrary, the neotectonic

events, especially those after the Upper Miocene, are very important since they are
responsible for the configuration of the structure of the total Aegean area.

Consequently the major structural characteristics of both islands are governed by fault
tectonics.

The most detailed description of the tectonic features of Milos island has been given
in the recent report of Papanicolaou (1988). After a measurement of 452 fault
orientations he proposed four major fault sets in accordance with Fyticas (1977):

-A fault set having NW-SE direction (130—3100) accounting for 29% of the total fault
population. This system is responsible for the formation of the gulf of Milos and the

Straits of Pollonia which separate Milos from Kimolos. It was observed also in Kimolos
during the field work.

-A second set with E-W direction (90—2700) including 19% of the fault directions
measured.

-The third set has a N-S direction (0-1800) accounting for about 18% of the faults.
-The fourth fault set has a ENE-WSW direction (60-2400) and includes 16% of the

faults measured. This set continues also in Kimolos island being observed in
bentonites at the NW and SW parts of the island.

In several sites structural features caused by other than neotectonic events can be

observed; for example syn-sedimentary faults formed during the deposition of volcanic
material of different strength one on the top of the other, and/or from volcanic

explosions (Papanicolaou 1988), or textures formed from slumping of hard volcanic
blocks within soft tuffaceous material.

Each one of the four sets described includes faults characterized by different
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kinematics, throw, length and age (Papanicolaou 1988). The faults can be classified
into normal and strike slip ones with respect to their kinematic and dynamic features

(Papanicolaou 1988). This means that no reverse faults have been identified in Milos

(Angelier et al., 19771 , Papanicolaou 1988), indicating lack of any compression events

on the island, al least from the Miocene-Pliocene boundary onwards (see also Chapter
2). According to Papanicolaou (1988) the E-W fault system was the most active one
during the Pliocene but it has gradually been rendered inactive. Thus, during the
Quaternary, the N-S and the NW-SE fault systems dominated, with the latter being

active during the whole neotectonic evolution of the island, although its activity was
restricted during Pliocene.

3.2.2. Chios island

Both geotectonic units observed on the island have been affected by Alpine
compressional orogenic events. Besenecker et al,, (1968), Kauffman (1969), Tietze

(1969), and Ludke (1969) distinguished three main compressive events associated with
the formation of three fold systems:

-The older one which has an age older than the Upper Cretaceous is characterized by

fold axes striking NNE to NE. This system is associated with overthrusts exhibiting
small scale movements.

-The second compression event is associated with the superposition of the
allochthonous unit as a tectonic nappe over the autochthonous unit. The allochthonous
unit "travelled" in a N-S direction for at least 50km; its original position should be
located somewhere between the islands of Chios and Lesvos (Besenecker et al.,

(1968). The allochthonous unit is characterized by a fold-system with axes striking in
an E-W direction, probably associated with the N-S movement of the nappe. The age

of this compressive event might be the boundary between Cretaceous-Eocene, or the
Lower Tertiary.

-The third compressive event is observed mainly in the allochthonous unit and is

associated with folds having axes srtiking in a NNE direction. The age of this event is

considered to be the Late Paleogene or the boundary between Paleogene and
Neogene (i.e Lower Miocene).

The Neogene beds have not been affected by any compressive cycles because they
are post-Alpine formations. However, they have been intensively fractured by fault

tectonics. Besenecker (1973) distinguished three fault systems which affected the

1Although they did not observe reverse faults in Milos they assumed the existence of a

compressional event in the Lower Pleistocene based on observations in other Aegean
islands.

538



Neogene rocks (Fig 3.6b):

-A NNE and NNW (less often) system which controls the development of the Neogene
basin and is probably associated with the extrusion of volcanic rocks in the SE parts of
the island. It was probably initiated during the Neogene and has certainly been active in
the post-Neogene period. Faults of this direction occur in the Alpine rocks also.

-A second NE and NW system probably of Plio-Pleistocene age which is also

observed on the Alpine rocks. It is responsible for the formation of the coast lines and
the Pleistocene valleys of the island.

-The third system has an E-W direction and its age is not known with certainty. This

direction is very important for the tectonic development of the whole area, since it is the
predominant one found in the Western Anatolian grabens.

However the above dating of the fault systems needs revision since the age of the
Neogene beds is older than was assumed by Besenecker et al. (1968) and

Besenecker (1973) as shown by the geochronological data of Belon et al. (1979). It

seems more probable that they became active within Miocene (probably since the
Lower Miocene) similar to the Western Anatolian fault systems.

Most faults examined by Besenecker et al., (1968), and Besenecker (1973) are
normal as regards their kinematic characteristics, although some reverse ones have
been reported. However, these could be lystric faults similar to those described by
Jackson et al., (1982) in the central Aegean and Price (1989) in W. Anatolia (see
Chapter 2). Since the geotectonic regime which has prevailed since the Lower Miocene
in the area is characterised by extension, this type of fault-kinematics is expected.

3.3. Geology of the bentonite deposits.

This section describes the geological features of the bentonite deposits. The full

mineralogical and geochemical characteristics are presented in the following chapters.

3.3.1. Milos island

The bentonite deposits of Milos island can be separated into three groups according
to their geographical distribution (Fig. 3.7a). The first group includes the Aspro Horio,
Tsantili, and Zoulias deposits (designated as Area 1 in this work), the second the
deposits of Ankeria and Koufi (Area 2), while the third the Ano Komia, Garyfalakaina,

Mavrogiannis and Rema deposits known as the deposits of the area of Komia (Area 3).

The general geological characteristics of the bentonite deposits can be summarized as
follows:

-Stratiform development which is best shown in the deposits of the Areas 1 and 2.
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-Well defined upper boundaries of the deposits.

-Lack of evidence about the nature of the underlying rocks in the active quarries.
-Existence of partly devitrified glass amidst the totally altered materials.
-Development of separate opal-rich stratiform horizons in several levels.

-Predominance of one bentonite horizon with similar macroscopic characteristics in

most deposits. This does not mean that a single horizon extends throughout the area
where the bentonites occur.

-Evidence of intense hydrothermal activity which has significantly affected the deposits
and which still is active with the form of fumaroles (Ankeria).

-Intense fracturing of the bentonite horizons by fault systems having N-S and NE-SW
direction. Veins of gypsum and/or Fe-oxides are common along such discontinuities.

3.3.1.1.Deposits of Area 1.
3.3.1.1.1. Aspro Horio deposit.

The deposit is characterised by the predominance of a basal green-blue
volcaniclastic lapilli-tuff with texture similar to a volcanic breccia. Wetzenstein (1969,
1972) described this rock as "brocken tuff®. This term will be used to describe similar
textures in this thesis. The exact thickness of this horizon is not known, but it is
exposed for at least 15m (horizon 1 in Fig. 3.8a). It Is composed of light-coloured
subangular-angular fragments, embedded in a green groundmass, showing normal
grading. The upper sectors are well bedded (see Plate 1). The entire rock has been
converted to bentonite. Pyrite crystals are present throughout the entire horizon. The
green bentonite is followed by a well defined pink-reddish bed (horizon 2 in Fig. 3.8a),
im thick, with similar texture, above which a grey bed having maximum thickness 1.2m
occurs (horizon 3 in Fig. 3.8a). This grey bentonite is the base of a 15m thick yellow
bentonite which follows (horizon 4 in Fig. 3.8a). The latter is a moderately sorted lapill

tuff having a texture which resembles a pyroclastic flow. However, since the rock has
been completely altered, this texture might be the result of the bentonitization process,
which might have overprinted the original one. In the higher stratigraphic levels of this
horizon, two thin, discontinuous lensoid opal beds, having 0.25 and 0.15m maximum
thickness, occur. No pyrogenetic minerals are visible throughout the bentonite
succession. In the southem sector of the deposit a small glassy rhyolitic lava dome
occurs within the bentonite bed. The lava is fresh and is only altered along fault
fractures.

Two main fault systems are observed in the quarry: a dominant one having a N-S

direction and a second, minor one, having a NE-SW direction, both belonging to the
mai_n fault systems observed in the island. The stratigraphic column of the depostt is
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depicted in Figure 3.8.

3.3.1.1.2. Tsantili deposit.

The deposit is composed of a single bentonite horizon, the visible part of which is
more than 30m thick (Plate 1). The bentonite is a massive lapilli tuff lacking any type of
bedding, with "brocken tuff* texture i.e resembling that of a volcanic breccia. There are
two main geological characteristics observed in this deposit: a) the very intensive
hydrothermal alteration associated with sulphur-rich solutions, which is ubiquitous

throughout the entire bentonite mass and b) the existence of a thick silicified horizon in

the upper parts of the deposit (Plate 1). The colour of the bentonite varies substantially
due to the influence of hydrothermal alteration. It is grey in the lowermost parts,

becoming red, green, brown or yellow (depending on the alteration mineral phases
present and possibly on the oxidation state of iron) in the higher levels. The deposit is

cut by numerous veins of gypsum and sulfur-rich minerals dipping with an 70-80° angle
and striking in an ENE-WSW direction, obviously filling fault fractures.

3.3.1.1.3. Zoulias deposit.

It is the most complex deposit as far as geological evolution is concerned, since it is

composed of a large number of volcanic and volcaniclastic horizons (Fig 3.8b), most of
which have been converted into bentonites.

The succession begins with a lava dome (horizon 1 in Figure 3.8b) the total volume
of which is not exposed. It is an andesitic-basic dacitic porphyritic lava with
pseudomorphosed phenocrysts of feldspars and amphiboles, embedded in a blue-
green groundmass, the initial nature of which (i.e glassy or micro/cryptocrystalline) is
not known due to intense alteration. In places, there are "pockets” of relatively fresh
lava, and a transition from the fresh to the completely altered material is often present.
The rock has undergone additional hydrothermal alteration as it can be seen from the
ubiquitous "stockwork® structures (Plate 8); they consist of veins rich in sulphurous
compounds crossing the bentonitized lava. Locally, horizontal, opal-rich horizons are

observed. This lava dome has provided the topographic relief upon which all the

following horizons have been deposited. In the following descriptions the terms upslope
and downslope refer to the slopes of the lava dome-basement (Plate 2).

The lava dome is followed by a well bedded, dark-green lapilli-tuff with a maximum
thickness of 1.5m, which wedges off on the underlying formation (horizon 2 in Figure

3.8D). The rock has been completely converted into bentonite. It is characterized by the
alternation between fine grained and coarse grained material, which might correspond
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to graded bedding. However, the extensive bentonitization does not allow a positive
characterization of the bedding, although in places there are traces of gradual
transition from the coarse grained to the fine grained material.

This bentonite horizon passes to a 7.25m thick, well bedded, yellowish-white lapilli-
tuff, which resembles the coarser parts of the previous horizon. Locally, there are

stainings of Fe-oxides. In the upper 0.5m it evolves to a coarser lapilli-tuff (horizon 3 in
Figure 3.8b).

Above the previous bentonite, a fine grained, thin and well bedded, off-white
bentonite, probably derived from a fine grained lapilli-tuff or volcanic ash, occurs
(horizon 4 in Figure 3.8b). The maximum thickness of this horizon is 5.75m decreasing
upsiope. The off-white, thin layers of this bentonite alternate in places with thin dark

green to black, very hard layers. This bentonite has been affected by syn-sedimentary
fault tectonism (Plate 9).

The previous bentonite is followed by a thick (8.6m) bentonite layer (horizon 5 in
Figure 3.8b). It consists of thin, hard, green layers, encompassing white elliptical
boulders, the size of which increases in higher stratigraphic levels and upslope on the
flanks of the lava dome. More specifically, the large diameter of the boulders increases
from a minimum value of 0.3-0.4m in the lower stratigraphic levels of the horizon, to
greater than 1.5m in the higher ones. Their texture consists of elongated, almost
filamentous units completely converted into clay, which might have been derived from
welded pumiceous material. In that sense, this bentonite horizon has probably been
formed at the expense of an ignimbritic rock. The thin, green layered units resemble
similar ones found in the previous bentonite horizon.

The succession continues with a relatively poor bentonite which contains relatively
large amounts of grit content (horizon 6 in Fig. 3.8b). It is a yellow, 3.10m thick lapilli-
tuff including small white boulders having a pumice-like texture, which resemble those
observed in the previous horizon. Thin, hard, greenish lenses of clay material are
present throughout the entire mass of this bed.

Above the previous layer, a yellowish, 2.30m thick lapilli-tuff, with large grit content
develops (horizon 7 in Fig. 3.8b). This bed has been affected by syn-sedimentary-fault-
tectonism during the deposition of the volcanic material.

The previous tuff is followed by an unwelded, lapilli-tuff which has not been altered to
bentonite (horizon 8 in Fig. 3.8b). It has a maximum thickness of 2.55m. It is followed

by a 0.45m thick volcanic sandstone, which is fresh and well bedded, showing graded
bedding in places. Above this sandstone is found, a glassy, fresh, welded, light-grey
pumice flow (ignimbrite), the thickness of which increases downslope reaching 9m

(horizon 9 in Figure 3.8b). The texture of the welded pumiceous material is similar to
the structure of the boulders occuring in the previous bentonite horizons.
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The volcanic sequence of the Zoulias quarry has been disrupted by a kind of land-
slide which occured after the deposition of the pumice flow described before (horizon

10 in Fig 3.8b). The rock which resuited from this land-slide or possibly avalanche has
a chaotic structure composed of large blocks of volcanic rocks, cemented by
pumiceous material. This glassy material is fresh in the higher levels of this chaotic
horizon, but it is altered to bentonite in the lower levels. On the other hand, the volcanic
fragments and the blocks are fresh throughout the entire volume of this horizon. This

formation cuts all the previous horizons (Plate 2) and its boundaries are well marked by
the presence of Fe-oxides.

Finally, the latter chaotic hotizon has been covered by a lapilli tuff with structure very
similar to the "brocken tuff"-type observed in the deposits of Aspro Horio and Tsantili
(horizon 11 in Fig. 3.8b). The parent glassy material has not been altered thoughout
the entire mass of the rock, but there are cores where the original glass is preserved.

3.3.1.2. Deposits of Area 2.
3.3.1.2.1. Ankeria deposit.

It consists of 4 distinct stratiform horizons (Fig. 3.8¢c, Plate 3) striking in an E-W

direction and dipping towards the north with a 10%-12° angle in the westem and a 20°
angle in the eastern face of the quarry.

The sequence begins with a high quality plastic, green-blue bentonite with minimal
amount of grit content, the total thickness of which is not known (horizon 1 in Fig.
3.8¢). The texture of the parent rock has not been preserved but it is very possible that
it was a volcaniclastic rock since there is no indication for a lava precursor. The rock is

friable in the lower stratigraphic levels of the horizon, becoming compact in the higher
ones. The contact with the overlying bentonite is sharp.

The previous bentonite is followed by a 4m thick bright-yellow bentonite of the same

quality. In places it Is stained with red Fe-oxide colorations (horizon 2 in Fig 3.8¢). It
has probably been derived from devitrification of a volcaniclastic precursor. The

material has a texture similar to that occurring at the the lower levels of the previous
horizon.

The succession continues with a faded-yellow bentonite which has characteristics
similar to those of the higher levels of the basal green bentonite (horizon 3 in Fig.
3.8¢). The rock wedges out towards the east. Its maximum thickness in the western
face of the quarry is about 10m. Again, striations of Fe-oxide stainings are present in
several sites. In places it contains considerable amounts of opaline silica. The opaline

material itself has formed a lensoid siliceous layer at the higher stratigraphic levels of
the horizon.
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The three previous bentonite horizons have been affected by hydrothermal alteration
which is still active today in the form of a hot solfatara spring (Plate 3). The circulation
of sulphur-rich hydrothermal solutions through fault fractures has affected both the
texture and the mineralogical characteristics of the bentonites; it has converted them
into sand-like friable materials and has deposited native sulphur and sulphate minerals.
The temperature of the hot springs was estimated to be 50-60°C on the surface.

The faded-yeliow horizon is followed by a grey bentonite with yellow striations, the
thickness of which increases eastwards (horizon 4 in Fig. 3.8¢). In its higher

stratigraphic levels the devitrification is not complete and transitions from the relatively

fresh rock to completely altered bentonite are frequent. The parent rock might be a
lapilli-tuff, which in places includes larger blocks having various colours. In the westem

face of the quarry, the texture resembles that of a volcanic breccia, thus being similar

to the bentonites of the group I. In the same quarry face, thin opal lenses the maximum
thickness of which reaches 0.4m are common (Plate 9).

The bentonite horizons are covered by a red lapilli tuff which contains fossils

belonging to the Cardium sp. Thus, at least in the case of the Ankeria deposit, since
the transition from the bentonite beds to the overlying red-tuff is continuous (i.e without

unconformity), it is certain that the deposition of the parent material took place under
subaqueous conditions.

The stratigraphic column of the deposit is presented in Figure 3.8.

3.3.1.2.2. Koufi Quarry.

It is a large deposit consisting of 3 bentonite horizons (Plate 3). The sequence begins
with a green basal horizon derived from a lapilli-tuff (horizon 1 in Fig 3.9a). Since only

the upper sectors are exposed its entire shape thickness and size is not known. It is
followed by a stratiform, 30m thick green high-grade bentonite with only small amount

of gnt content owed to the present of pyrite crystals disseminated throughout the entire
mass of the rock (horizon 2 in Fig. 3.9a). It is characterized by a "porphyritic® texture,
with white fragments embedded in a green groundmass. The spacial distribution of this
horizon and its texture implies that its precursor might be either a completely devitrified
glassy lava or an ash flow (ignimbrite). In places the material presents textural features
resembling pillow lavas (Plate 9). However, it is not certain whether these textures are
remnants of the original lavas or have resulted from the intense bentonitization. There

Is evidence that hydrothermal solutions which circulated through fractures might have
played some role to the alteration of the parent rock (Plate 9).

The higher horizon of the bentonite sequence is a yellow, partially bentonitized acidic
lava, showing transitions from relatively fresh rock to bentonite (Plate 10). It is a



porphyritic rock with feldspar phenocrysts embedded in a yellow groundmass (horizon
3 in Fig. 3.9a). The material has been affected by hydrothermal alteration caused by

the circulation of hydrothermal solutions along N-S striking vertical faults, which
deposited Fe-oxides and sulphates.

The stratigraphic column of the deposit is depicted in Figure 3.9.

3.3.1.3. Deposits of Area 3.
3.3.1.3.1. Ano Komia deposit.

It consists of two bentonite horizons separated by a well bedded fresh lapilli-tuff
showing low angle cross-bedding (Fig. 3.9b). The latter is the parent material from
which the lower horizon was derived.

The lower bentonite bed is a grey friable rock with high grit content. lts visible
thickness is 7.2m but the total thickness is greater (horizon 1 in Fig 3.9b). The
dewatering deformation structures shown in Plate 10 imply that the original tuffaceous
material was deposited under subaqueous conditions. The main characteristic of this

horizon is the superimposed sulphur-dominated hydrothermal alteration, which has
created "stockwork" structures crossing the bentonite (Plate 10). These structures
caused changes to the coloration of the originally grey bentonite.

The higher bentonite horizon is a white bentonite with high silica content (Plate 4). It
is characterized by the presence of off-white/white fragments of lapilli size embedded
in a white groundmass, i.e it is possible that the parent material was a lapilli tuff. In
places it has been stained reddish/pink due to the presence of Fe-oxides. The exact
thickness of this bentonite is not known (horizon 2 in Fig. 3.9b).

3.3.1.3.2. Kato Komia deposit.

It is a small deposit consisting of a single grey bentonite horizon. The exact thickness
of the deposit Is not known. It has been formed at the expense of a lapilli-tuff with the
same "broken-tuff* texture described before, which had been deposited in a depression
of the overlying relief dominated by the lave dome of Demenegaki. The deposit has
been affected by hydrothermal alteration (Plate 4), and veins filled with sulphur-rich

compounds are ubiquitous throughout the deposit. This alteration is superimposed on
the bentonite.
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FiGURE 3.9. Stratigraphic columns of the Koufi (a), Ano Komia (Milos) {b), and Prassa
(Kimolos) (c) bentonite deposits. Description of the individual horizons is given in the text.
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3.3.1.3.3. Garyfalakaina deposit.

It has very similar characteristics compared with the Kato Komia deposit. It consists

of a single grey bentonite horizon (light grey at the stratigraphicaily higher weathered
levels) having a "brocken-tuff* texture. It occurs in a depression at the lower slopes of

the Demenegaki dome. Therefore it is very probable that it has been derived from the

similar parent material as the Kato Komia deposit. The exact thickness of the deposit is
not known. In the higher stratigraphic levels there is evidence of intense silicification,

.e existence of essentially opaline material. The deposit has been affected by

hydrothermal alteration involving deposition of sulphur-rich compounds (Plate 4).

3.3.1.3.4. Mavrogiannis deposit.

It has characteristics very similar to those of the Garyfalakaina and Kato Komia

deposit. Again the deposit consists of a single grey bentonite horizon (Plate 5), having
a "brocken-tuff" texture. The thickness of the deposit is not known. It has undergone

intense hydrothermal alteration which is superimposed on the original bentonite. The
alteration has involved deposition of sulphur-rich compounds.

3.3.1.3.5. Rema deposit.

It occurs at the southern lower slopes of the Demenegaki rhyolitic dome. It has very
similar characteristics to the previous deposits occurring at the lower slopes of the
same dome. Thus it is a single horizon bentonite deposit, consisting of a grey

bentonite, having a "broken-tuff* texture. It is possible that it has been formed at the
expense of the same parent material as the previous deposits occurring in the northem

lower slopes of the Demenegaki rhyolitic dome. The exact thickness and the extent of
the bentonite are not known because the extraction operations are supeirficial (Plate 5).
At the eastern side of the deposit silicification phenomena caused by high opal-
concentrations are very obvious. In the same area the "brocken tuff” is clearly overlain

by the so-called green lahar mentioned by Fyticas (1977), and Fyticas et al. (1986)
(Plate 10).

3.3.1.4. Agrilies deposit

This deposit is Isolated and does not belong to any of the three groups described

before. It consists of a single grey stratiform bentonite horizon having a *brocken tuff®
texture. It was derived by a lapilli tuff, the exact thickness of which is not known. The
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deposit exhibits clear indications of hydrothermal alteration with deposition of native
sulphur and sulphate minerals. This alteration Is probably associated with the formation

of a silver-bearing barytes deposit which is exploited in the vicinity of the Agrilies
deposit. The bentonite horizon Is followed by the green lahar (defined after Fyticas,

1977). The contact between the two horizons Is sharp and well defined, similar to the
bentonite-green lahar contact in the Rema deposit (Plate 6).

3.3.1.5. Kastrianl deposit (kaolin).

It is a small lens-shaped deposit which has been formed by hydrothermal alteration

of lapilli-tuffs and possibly the "green lahar® (Plate 6), although this is not very clear
because kaolinitization has obliterated the original texture competely, and has formed

dissolution cavities on the rock. However alteration of the "green lahar”, with very
similar characteristics has been observed in the Agia Kyriaki site, close to this depostt.
In its higher stratigraphic levels it contains red stainings caused by Fe-oxides. The fact
that the “green lahar” is a very young formation (Fyticas et al., 1986) and also that it
overlies the bentonites of the Rema and Agrilies deposits suggests that there is not
any obvious connection between the formation of the two types of clay deposits.

3.3.1.6. Indications concerning the depositional environment of the bentonites.

The environment under which the deposition of the parent material of bentonites took
place has been a point of controversy between the different workers as has already
been stated in Chapter 1. The geological data collected after detailed field work which
included extensive sampling and observation of the relationships among the different
bentonite deposits as well as between bentonites and the surrounding rocks give the
following information:

1) The parent materials were deposited under subaqueous conditions. There is
paleontological as well as textural evidence supporting this idea. This is certainly the
case for the deposits of Area 2 (Ankeria and Koufi), where fossils were found. The
parent material of the lower horizon of the Ano Komia deposit was certainly deposited
under water conditions (presence of dewatering deformation structures). There is no
reason to assume that the other deposits of Area 3 were not deposited under similar
conditions, since they occur very close to the previous deposit, and there is no
indication implying that any change in the depositional environment has taken place,
The subaqueous environment for the deposits of Area 2 is supported from the work of

Fyticas et al. (1986) in Agia lrini area close to the deposits, where submarine
tuffaceous sequences have been described.



However, there is not unambiguous evidence about the depositional environment for
the deposits of Area 1. The existence of thin bedding in several of the bentonite
horizons of the Zoulias and Aspro horio deposits does not necessarily imply a
subaqueous environment (see Fisher & Schmincke, 1984, and Cas & Wright, 1988).
Also the indications for graded bedding do not automatically exclude the possibility of
subaerial deposition. Wetzenstein (1969, 1972) reported the existence of a thin
limestone horizon in Zoulias quarry. This was not confirmed during the field work
hacause it was dangerous to visit the site quoted. However, there is not any reason to
reject the possibility for the occurrence of the limestone horizon. Therefore, it IS
accepted that the bentonites of Area 1 were deposited in a subaqueous environment.

2) The subaqueous deposition of the parent material does not necessarily mean that
the eruptions which produced the rocks took place under water. The alternative

possibility is to have a subaerial eruption leading to a subaqueous deposition. In the

case of the deposits of Area 3 (the lower horizon of the Ano Komia deposit is excluded)
which have very similar characteristics it is possible that the parent materials might
have been the products of a pyroclastic flow formed by subaerial erruptions, which

moved downslope along both flanks of the Demenegaki rhyolitic dome and deposited
into the sea. This idea is favoured by the model of Papanicolaou (1988) for the

neotectonic evolution of Milos island, who proposed that the Demenegaki dome was
subaerial while the area in the north (i.e where the deposits of Area 3 occur) was
submerged under seawater during the Lower Pleistocene. The assumption that the
parent material might be a pyroclastic flow is supported from the fact that the bentonite
deposits of group iii occur in depressions along the lower slopes of the dome. The
subaqueous deposition has been proved already by the dewatering deformation
structures found in Ano Komia deposit. The proposed model for the deposition of the
parent material in Area 3 is presented in Figure 3.10a. Nevertheless, the possibility of a
subaqueous eruption cannot be rejected. Also the possibility that the parent materials
were not erupted from the Demenegaki rhyolitic dome should not be ignored, especially
if their emplacement was prior to the extrusion of the dome (see Fig. 3.10b). In this
case the vent where they were errupted from might not necessarily be in the vicinity of
the area in which they occur today.

The passage of a pyroclastic flow into subaqueous environments has not been studied
so far in situ and the interaction between water and pyroclastic material is a matter for
speculation among different workers. Cas & Wright (1988) addressed the problem and

assumed that in the case of a large, single pyroclastic flow, the material reaching the sea
level will still have sufficient momentum and density to continue to deeper levels but rapidly

and perhaps explosively, it quenches. Eventually the chilled debris will form an ash
turbidite. In this model welding might occur aided by the gasses
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FiGURE 3.10. Alternative models proposed for the deposition of the parent materials of the
bentonite in the area 3 of Milos a) Eruption from the Demenegaki rhyolitic dome, b) eruption
before the xtrusion of the Demenegaki dome.



trapped within the mass of the flow. Smaller pyroclastic flows will eventually form ash
turbidites. Fisher & Schmincke (1984) discussing the possibility of submarine welding

accepted the theoretical model of Sparks et al. (1980) about this type of welding.
According to Cas & Wright (1988), the most probable case for passage to a
subaqueous environment is that provided by epiclastic processes and slumping
(volcaniclastic rocks). In the case of the bentonite deposits of Milos, because of the
intense alteration it is not possible to say whether the parent material was pyroclastic
or volcaniclastic (i.e whether it contained juvenile volcanic material or was simply the
result of the collapse of a lava dome, or even a large scale slumping).

Similar assumptions can be made for the deposits of Area 1. In this case the
localization of the deposits is different. Some of them like the highest horizon of Zoulias
might have been formed from the alteration of a pyroclastic flow which originated from
the volcanic centre of Korakia. The same might be true for the lower horizon of Aspro
Horio deposit and the breccia-type material of Tsantili deposit. This "brocken-tuff* type

horizon occurs in many sites arround the Korakia dome implying that it might extend
over a wide area. This fact can be used as a criterion for further exploration. Again the

possibility that the eruption of the parent materials took place from another vent cannot
be excluded. Also, it is not certain whether the eruption was submarine or subaerial.
Certainly, the advanced degree of alteration does not allow an unambiguous
assumption for the mode of origin and deposition of the parent material.

Knowing the paleogeographic evolution of the Aegean area, it is certain that the
subaqueous environment where the original materials were deposited was marine. This
is supported also from the paleontological data presented by Fyticas (1977) and
Fyticas et al. (1986).

3) All deposits examined have been affected by hydrothermal alteration, which in
some areas has altered completely the original characteristics of the rock. It is certain
from the geological observations that this alteration has been superimposed on
bentonites. The case of the Kastriani kaolin deposit and (especially) the Agia Kyriaki
- site close to this deposit provide some evidence for the time relationship between the
kaolinitization and bentonitization processes. The “green lahar" is probably one of the
precursors of the kaolin deposit. According to Fyticas et al. (1986) this formation is
very young; probably younger than 0.2my. Consequently, kaolinitization might be a
recent alteration process. On the other hand it has already been shown (see Plates 5,
6, 10) that the "green lahar” clearly overlies the bentonite deposits of Rema and
Agrilies. The same Is valid for the deposit of Ankeria also. This suggests that
kaolinitization is a later process than the formation of bentonites.

4) The shape (stratiform), morphological characteristics of the parent rocks,

(predominance of the "broken-tuff* rock-type regardiess of the area of occurrence) and
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spacial distribution of the bentonite deposits (horizontal or inclined following bedding
planes), suggest that hydrothermal alteration might not be the process through which
they were derived. It is known that the hydrothermal alteration patterns associated with
argillitization might include either concentrations of the clay around structural features
(faults, joints, thrust surfaces) or massive changes of the parent rock like those in
Kuroko type deposits (Chamley 1989). The first possibility is immediately rejected if
one takes into account the distribution patterns of the Miloan bentonites which are
controlled by stratigraphic rather than structural criteria. In Kuroko type deposits the

alteration pattern is concentric around the ore body, with the smectite zone following
the mica/montmorilionite zone and followed by the zeolite zone. In the case of the

Milos bentonite deposits there is not any evidence for concentric alteration patterns.
The smectite-type alteration is isolated with respect to time since kaolinitization is

posterior to it. Kalogeropoulos & Mitropoulos (1983) found that the baryte hydrothermal
deposits of eastern Milos which are situated close to some of the bentonite deposits

studied, belong to the Kuroko type and were probably formed when the hot
hyrdothermal fluid came in contact with the cold sea water close to the sea floor.

However, their occurrence is controlled by structural criteria. Moreover, in most cases
bentonites are not associated with baryte deposits.

In conclusion, the geological characteristics of the bentonite deposits of Milos, their
relationship with the surrounding rocks and the hydrothermal activity patterns

observed, suggest that hydrothermal alteration might not be the mechanism which led
to their formation, although it has certainly affected them. Deposits other than
bentonites which have certainly been formed through hydrothermal processes, like
kaolin, baryte and native sulphur deposits, are hardly associated genetically with

bentonites. This suggestion is examined further in the following chapters using other
criteria.

3.3.2. Kimolos island.

The bentonite deposits investigated in Kimolos island can be separated into two

groups according to their geographic distribution. The first group includes the Prassa
and Loutra deposits situated in the NE area of the island, while the second the deposits

in Agios Tryfon, Fanara and Bonatsa areas situated in the southern part of the island
(Fig 3.7).
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3.3.2.1. Deposits of Group |.
3.3.2.1.2. Prassa deposit.

It is the most important deposit occuring on the island and includes the famous white
bentonite of Kimolos. The deposit has been formed at the expense of an unwelded

ignimbrite (Plate 7). The parent material had been deposited under submarine
conditions (Plate 10), but it is not known, whether the eruption was submarine or
subaerial. The deposit is controlled by structural criteria and consists of relatively small
*pockets” of high quality bentonite restricted around faults. The larger outcrop is a
30mx35mx10m body which continues in depth which can be divided into six distinct
zones including the fresh glass zone (Fig. 3.9¢):

-The fresh glass zone. It surrounds the deposit and its thickness is greater than 20m.
It is used as raw material in the cement industry (horizon 1 in Fig. 3.9c).

-A thin, 30-40cm, transition zone where the glass begins to alter to bentonite (horizon
2 in Fig. 3.9c¢).
-A 1.5-1.8m thick yellowish, hard when dry, very plastic when wet, bentonite. The

original macroscopic characteristics of the glass have been completely obliterated due
to the alteration. The same is true for the other zones also (horizon 3 in Fig. 3.9.c).
-The grey bentonite zone. This is the main bentonite horizon, consisting of a 20m
thick, very plastic, without noticeable grit content, material (horizon 4 in Fig. 3.9¢).
-The white bentonite horizon. it is a high-quality 5m thick white bentonite, very plastic
without noticeable grit content. This is the main horizon which is extracted (horizon 5 in
Fig. 3.9¢).

-The opal-rich white bentonite which is not extracted. Its thickness is not known
(horizon 6 in Fig 3.9.c).

In other sites of the quarry there are more occurrences of white bentonite, without
the zonation observed in the main horizon. in every case the smectite-rich material is

restricted around faults. This individual characteristic of this deposit can be used in the
future for the exploration of new deposits in the same area.

The fault systems observed in the deposit can be classified into two groups; one
having a N-S direction and one having a NE-SW direction.

3.3.2.1.2. Loutra deposit.

Itis a small stratiform well bedded deposit consisting of a light-grey bentonite (Plate
7) derived from fine grained volcanic material (probably volcanic ash). It can be

subdivided into two horizons which differ in the degree of devitrification, the lower being
richer in smectite content. The deposit has been affected by fault tectonism. Along the
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faulted zones the bentonite has been altered further to a red hard fine-grained material

possibly due to the influence of Fe-bearing solutions. The material is hard and rich in

grit content. The parent rock had been deposited under submarine condtions, as
proved by the presence of bivalve fossils (Plate 11)

3.3.2.2. Deposits of the second group.
3.3.2.2.1. Fanara deposit.

It is a small deposit which has been destroyed by a land-slide. Therefore its faces are
only partially exposed and its thickness is not known (Plate 8). It was formed at the
expense of a lapilli tuff with conglomerate texture indicating deposition of the parent
material in very shallow seawater depths and epiclastic reworking. The pebble size
becomes smaller in the lower topographic levels of the quarry and eventually the
material becomes a volcanic sand. This indicates an increase of the depth of

deposition. At the higher topographic levels of the deposit the pebbles have been
partially converted to bentonite. The higher stratigraphic horizons of this rock have

been silicified (Plate 8). At the lower topographic levels of the quarry, a small outcrop
of a high quality white bentonite derived from an unwelded ignimbrite is noticeable. The
parent material of this horizon might have been erupted under submarine conditions.

3.3.2.2.2. Bonatsa deposit.

It has been derlved at the expense of a submarine acid lava. It is a yellow bentonite
which has not been devitrified completely. The material is cut by numerous faults,
along which the devitrification is more intense (Plate 8), with frequent transitions from
the fresh rock to bentonite. The extent of this deposit is not known. Next to this

deposit, a partly devitrified pumiceous material yielding white bentonite which shows
typical "pop corn® texture, occurs (Plate 11).

3.3.2.2.3. Agios Tryfon deposit.

It is a small kaolin deposit formed next to extended bentonite beds similar to those
found in Fanara deposit. It has undergone small scale underground extraction in the
past (Plate 8), but the activities have now ceased. Due to the intense alteration it is not
possible to establish the nature of the parent material, but the preservation of bedding
indicates a volcaniclastic precursor. The smectite-rich rock has a texture identical to
that of the lower levels of the Fanara deposit, being a volcanic sand. The deposit is
characterized by a transition from the greenish-grey bentonite to the white-yellowish
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kaolin. Fe-oxides have imparted red colorations on the rock (Plate 8). Gypsum crystals

several cm long as well as alunite (alum-taste of the altered rock) are common
throughout the transition zone.

3 3.2.3. Indications about the depositional environment of the bentonites of
Kimolos.

Geological observations on Kimolos Island have provided secure indications about
the depositional environment of the bentonite deposits on the island. These indications

are derived from geological as well as paleontological evidence. The conclusions can
be summarized in the following points:

1) The parent materials from which bentonites came from were deposited under
submarine conditions. This is valid for the deposits of both groups. The evidence is
provided from fossils (Loutra deposit) and sedimentary structures for the other deposits

(Plates 7, 11). In the case of the Prassa deposit where the alteration is controlled by
structural criteria (/.e faults), there is not any indication about the influence of

hydrothermal alteration. It is believed that if hydrothermal alteration was the reason for
the formation of this deposit, then characteristic minerals (kaolinite, gypsum, baryte

and other sulphates, sulphides) should be abundant. This view is supported from the
fact that in areas where hydrothermal alteration is obvious, Mn-rich mineralization is

observed. It is also interesting that although the parent rock is very susceptible to

alteration (unstable glass) the alteration does not extend far from the faulted zones.
This topic will be discussed extensively in Chapter 6.

The deposit of Fanara presents a good example of preservation of the
paleogeographic conditions where the original material had been deposited. The
altered volcanic conglomerate contains pebbles the size of which decreases
downslope. Eventually the rock becomes volcanic sand in size and extends to the
coast in the area of Agios Tryfon. This might indicate a progressively increasing depth

of the deposttional environment, along the continental shelf (Fig. 3.11a). It is believed
that the matrix of the conglomerate which has now been altered to bentonite was

derived from a volcanic ash which was deposited into sea water. Due to the action of
sea waves and currents this ash was intimately mixed with the rounded pebbles which

occurred in the sea-shore yielding the conglomerate. However, as