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Abstract

The Vani manganese deposit is located in the rugged NW sector of Milos Island. It occurs within the Vani
Ž .volcano-sedimentary basin, which is underlain by dacitic domes and flows of Upper Pliocene age 3.5–2.0 Ma . The end of

the emplacement of the dacites was marked by the collapse of the magma chamber, which resulted in a huge pyroclastic
episode and the deposition of a thick layer of pyroclastic material within a shallow submarine basin. This pyroclastic
material subsequently compacted to form the volcaniclastic sandstone, which became the host for the manganese ore beds
which were about 4 m thick in the two sections studied. Hydrothermal fluids penetrated these sandstone horizons via
fractures and fissures to produce the manganese deposit. The permeable nature of the sandstone facilitated the retention of
the hydrothermal fluids within these layers. This permitted the fluids to cool slowly and deposit the manganese oxides
almost quantitatively. Formation of the hydrothermal manganese deposit took place fairly rapidly over a period of several
tens of thousands of years at most. Strong tectonic activity resulted in rapid uplift of the area which elevated the deposit
above sea level.

Two generations of manganese oxides have been identified within this deposit; the first generation consists of pyrolusite
and ramsdellite; the second generation of oxides of the isostructural series cryptomelane–hollandite–coronadite plus
hydrohetaerolite characterized by high contents of K, Ba, Pb and Zn, respectively. This sequence is the result of a two-stage
process of formation of the manganese-oxide minerals in which a second high-salinity hydrothermal fluid enriched in Ba, Pb
and Zn as a result of the dissolution of sulphide minerals remineralized the original manganese-oxide assemblage. It is this
two-stage process of formation, which was mainly responsible for the unique characteristics of this deposit. Although formed
in a submarine setting, the deposit shows marked differences in mineralogy and composition from known submarine
hydrothermal manganese deposits and is most analogous to the epithermal vein deposits of the southwestern United States.
q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The island of Milos is located in the central part
of the southern Aegean Sea and belongs to the active
volcanic region of the Aegean Arc. This arc com-

Žprises five volcanic centres Sousaki, Methana, Mi-
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.los, Santorini, Nisyros; Fig. 1 . Of these, the islands
of Methana and Santorini are presently volcanically
active, whereas Milos and Nisyros display only hy-

Ž .drothermal activity gas and fluid emanations , but
are potentially volcanically active. Volcanism on
Milos dates from 3.5 to 0.08 Ma and the volcanic
sequence is overlain by recent alluvial deposits
Ž .Fytikas, 1989; Fytikas et al., 1986 . Four main
cycles of volcanic activity have been distinguished
Ž .Fytikas et al., 1986 . The oldest volcanic activity is
situated in the western part of Milos and took place

Ž .during the Upper Pliocene 3.5–2.0 Ma . It began
with submarine eruptions and the deposition of pyro-
clastic material followed by subaerial eruptions,
mainly lava domes and flows. This phase of volcan-
ism is believed to have been fed by material deep in
the continental crust where contamination and frac-

tional crystallization occurred. The dominant rock
Žtypes at this time were andesites and dacites Fytikas

.et al., 1986 . Fig. 2 is a neotectonic map of Milos,
which outlines the main features of the geology of

Ž .the island Papanikolaou et al., 1993 .
The tectonic regime along the Aegean Arc has

been described by Papazachos and Panagiotopoulos
Ž . Ž .1993 , Papazachos et al., 1993, 2000 and Pavlakis
Ž .1993 and the petrogenesis of the volcanic rocks of

Ž .the arc by Mitropoulos et al., 1987 and Mitropou-
Ž .los and Tarney 1992 . According to Papazachos and
Ž .Panagiotopoulos 1993 , the higher volcanic activity

Žin the eastern volcanic centres of the arc Santorini,
.Nisyros compared to the western volcanic centres

Ž .Sousaki, Methana, Milos reflects the higher rate of
extensional crustal deformation in the eastern part of

Ž y1.the arc 26 mm year compared to the western part

Fig. 1. Simplified map showing the locations of the five volcanic centres, which make up the Aegean Arc. The centres are associated with
Ž . Ž . Ž . Žnormal faults trending about N598 lines and are marked by frequent earthquakes circles and sulphurous volcanic gases squares taken

.from Papazachos and Panagiotopoulos, 1993 .
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Ž .Fig. 2. Simplified geological map of Milos taken from Papanikolaou et al., 1993 . The Vromolimni–Kondaro Fault marks the western
boundary of Milos Bay.

Ž y1.of the arc 2 mm year . Five normal faults trend-
ing about N598 and named after the corresponding
volcanic centres appear to control the distribution of

Ž .volcanic centres and shallow-20 km and inter-
Ž .mediate 120–180 km depth seismicity along the

Ž .arc Fig. 1 . These faults have had a major influence
in controlling the distribution of hydrothermalism
along the arc.

Fig. 2 shows the locations of the main NW–SE
faults, which have created the active tectonic block

Žwhich separates western from eastern Milos Deliba-
sis and Drakopoulos, 1993; Papanikolaou et al.,

.1993 . These faults are intersected in the south by
the important E–W fault zone of Aghia Kiriaki
Ž .Makropoulos et al., 2000 . On Milos, there is a clear

relation between seismically activated faults, vol-
canic activity and hydrothermal phenomena
Ž .Papanikolaou et al., 1993; Makropoulos et al., 2000 .
The extensional stress field on Milos has varied
between NE–SW in the Pliocene and NW–SE in the

Ž .Quaternary Fytikas, 1989 although the regional
stress field was much weaker during the late Pliocene

Ž .than at present Mercier, 1981 .
The Milos archipelago is the most important vol-

canic centre in the Aegean Arc in terms of the
quantity and variety of volcanic products, explosive

Žvolcanic activity and duration of activity Fytikas et
.al., 1986 . Plio–Quaternary magmatic activity led to

the development of a high enthalpy geothermal field
on Milos, which is considered to be the most impor-
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Ž .tant in Greece Fytikas and Marinelli, 1976 . The
strong tensional tectonic regime on Milos resulted in
extensive faulting, which has stimulated volcanic
activity and geothermal fluid circulation, particu-

Ž .larly, in the Quaternary Fytikas, 1989 .
The widespread occurrence of fossil and recent

hydrothermal activity on Milos as exemplified by the
Ž .occurrence of hot springs 30–858C , fumaroles

Ž . Ž98–1028C , hot grounds with temperatures of up
.to 100 8C at depths of 0.3 m below the surface and

phreatic explosions have led to extensive alteration
and self-sealing of the volcanic rocks to produce a

Žcaprock for the geothermal fluids Liakopoulos, 1987;
.Fytikas, 1989; Fytikas et al., 1989 . Models for the

nature and origin of the convection cell, which forms
the deep geothermal reservoir on Milos, have been

Ždeveloped by a number of authors Liakopoulos,
1987; Liakopoulos and Boulegue, 1987; Liakopoulos

et al., 1991; Mendrinos, 1988; Fytikas et al., 1989;
Galanopoulos et al., 1991; Pflumio et al., 1993;

.Minissale et al., 1997 .
The intense hydrothermal activity on Milos has

resulted in the formation of various hydrothermal
minerals, such as alunite, kaolinite, sulphur, barite,
galena, manganese and iron oxides, and epithermal

Žgold Fytikas and Marinelli, 1976; Fytikas and
Markopoulos, 1992; Fytikas et al., 1995; Kelepertsis

.et al., 1990; Liakopoulos, 1991; Plimer, 2000 , of
Žwhich kaolin and barite as well as perlite and

. Žbentonite are presently being mined Christidis et
al., 1995; Stamatakis et al., 1996; Koukouzas et al.,

.2000; Plimer, 2000 . An extensive exploration pro-
gramme is now underway to search for epithermal

Žgold Spartali, 1994; Anonymous, 1999a,b; Plimer,
.2000; Kilias et al., 2001 . Barite mineralization was

considered to have formed as a consequence of

Ž .Fig. 3. Locations of the principal industrial mineral deposits on Milos taken from Liakopoulos, 1987 .
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ŽKuroko-type ore deposition Kalogeropoulos and
.Mitropoulos, 1983: Hauck, 1984, 1988 ; however,

this idea is no longer accepted. This hydrothermal
activity has resulted in Milos being the most mineral-
ized island in Europe with about one-third of its
surface area hydrothermally altered. Fig. 3 shows the
locations of the principal industrial mineral deposits

Žon the island Liakopoulos, 1987; Fytikas and
.Markopoulos, 1992; Stamatakis et al., 1996 .

Submarine hydrothermal activity is also well
known on Milos, e.g. at Paleohori Bay on the SE

Ž .coast of Milos Stuben and Glasby, 1999 . Excellent¨
overviews of submarine hydrothermal activity and
mineralization in the Mediterranean and Aegean Seas

Ž .have been presented by Dando et al. 1999, 2000 .
From the preceeding comments, it can be seen

that Milos is an area of extreme geological interest
and worthy of much more detailed investigation. A
detailed account of the geological and mining history
of the island has recently been published by Plimer
Ž .2000 .

2. The Vani manganese deposit

2.1. Geological setting

The Vani manganese deposit is located in the area
of Cape Vani in the rugged NW sector of the island
of Milos about 20 km by road from the port of
Adamas. The deposit has been estimated by Hauck
Ž . 21984 to cover an area in excess of 100,000 m and

Ž . 2by Schmidt 1966 an area of 176,000 m . It lies
proximal to the sea and occurs between 35 m above
sea level and an unknown depth below sea level. The
deposit is quite small by world standards with re-
serves estimated to be about 2.1 million tonnes of

Ž .manganese ore Glasby et al., 2001 . It was mined
between 1886 and 1909 and again between 1916 and
1928. Between 1886 and 1909, 220,000 tonnes of
ore were recovered.

The Vani manganese deposit is situated within the
Vani volcano-sedimentary basin. This basin is under-
lain by hydrothermally altered dacitic lava domes

Žand flows, which are Upper Pliocene in age 3.5–2.0
. Ž .Ma Fytikas et al., 1986 . The overlying volcanic-

sedimentary sequence consists of tuffaceous clastic

and volcaniclastic deposits, which are lower to mid-
dle Pleistocene and were deposited sometime in the

Ž .period 0.9–0.4 Ma Papanikolaou et al., 1990 .
The manganese oxides at Cape Vani formed as

impregnations in a series of volcaniclastic sandstone
horizons. The volcaniclastic sandstone occupies a
surface area of about 1 km2 and occurs at the centre
of the Vani basin. This basin is made up of highly
altered dacites, which belong to Unit II of the Milos

Ž . Ž .volcanostratigraphy Angelier et al., 1977 Fig. 4 .
The basin is now open to the sea on the NW and NE
coasts as a result of a system of faults aligned 908 to
each other. The assemblage of volcaniclastic sand-
stone and dacites occupies an area of 11 km2.

The volcaniclastic sandstone is altered pyroclastic
material of Upper Pliocene age. It consist of two
units, lower and upper, separated by a thin layer of

Ž .conglomerates 0–0.3 m thick composed of pebbles
of volcaniclastic sandstone and dacite. The sandstone
contains badly preserved fossils of the Lamellibranch

Ž .family Pecten sp., Ostrea sp. , echinoids and bra-
chiopods, which indicates that they were formed in a

Žrestricted, shallow marine basin cf. Fytikas, 1977;
I.G.M.R., 1977; Liakopoulos, 1987; Kelepertzis and

.Kyriakopoulos, 1991; Plimer, 2000 .
The shape of the basin is the result of the super-

position of a number of faults which can be grouped
into three major systems trending: N908, N3158–3208
and N308, respectively. The superposition of these
three fault systems results in a NNW–SSE basin
which slopes gently to the NNW.

The manganese mineralization is stratabound in
the lower volcaniclastic sandstone unit. Based on
exposures from the open-cast mining, it was possible
to construct the succession of the formations at two

Ž .locations Figs. 5 and 6 . However, because of ex-
tensive faulting in the area, these profiles cannot be
considered to be representative of manganese deposi-
tion throughout the entire basin.

The underlying volcaniclastic sandstone is
strongly silicified and impregnated by manganese
oxides and is composed mainly of K-feldspar, chlo-
rite and sericite. The plagioclases are in the process
of sericitization and adularization.

The manganese ore beds in these two sections are
about 4 m thick. The manganese oxides form a
cement in which K-feldspar is the dominant mineral
present.
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Ž . Ž . Ž . Ž .Fig. 4. Geological sketch map of Cape Vani. 1 Lavas and dacitic domes; 2 volcaniclastic sandstone; 3 lahars; 4 Angathias ignimbrites;
Ž . Ž . Ž . Ž .5 kaolinized lavas; 6 alluvials; 7 Vani manganese deposit taken from Liakopoulos, 1987 .

The overlying volcaniclastic sandstone comprises
two types, a green horizon and a white horizon.
Lying immediately above the manganese-oxide layer
is a green horizon which varies in thickness from a
few cm to 2 m. This horizon is made up of glau-
conite, K-feldspar and sericite and is easily recogniz-
able in this terrain. Above this lies a white horizon
up to 6 m thick, which consists of an assemblage of
K-feldspar and oligoclase cemented by a siliceous
matrix. The silica is present as amorphous silica,
quartz or cristobalite. Arseniosiderite occurs in the
white horizon in concentrations in the range 0–15%
Ž .based on X-ray diffraction analysis . The places
where arseniosiderite occurs are coloured red and are
very characteristic of the terrain. This red colouration
is due to the presence of iron, which occurs both in

the arseniosiderite as well as in the ferruginous
matrix. Only small amounts of haematite were iden-
tified in this red layer.

Barite occurs in variable amounts throughout the
sections. In the mineralized zone, it averages 12.5%
and displays evidence of dissolution and replacement
by manganese oxides. The manganese deposits are
cut by veins of quartz and barite, which post-date the
manganese mineralization. These veins are oriented
in two principal directions, N3208 and N308.

In fact, information on the Vani manganese de-
posit in English is relatively sparse. Two of the
earliest studies of this deposit focussing mainly on
economic aspects were undertaken at the University

Žof Leoben in Austria Argyropoulos, 1966; Schmidt,
. Ž .1966 and were briefly summarized by Mack 1977 .
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Ž . Ž . Ž .Fig. 5. Geological cross-section along the profile A–B see Fig. 4 for location . 1 Underlying volcaniclastic sandstone; 2 manganese
Ž . Ž . Ž . Ž . Ž . Ž .oxide beds; 3 green horizon glauconitic ; 4 white horizon K-feldspar and oligoclase ; 5 white horizon with arsenosiderite; 6

Ž . Ž . Ž . Ž .conglomerates; 7 overlying volcaniclastic sandstone; 8 soil horizon; 9 dacites taken from Liakopoulos, 1987 .

Subsequently, the deposit was studied as part of a
Ždoctoral thesis at the University of Paris Liakopou-

.los, 1987 , but only limited information about this
Ždeposit was published in English Liakopoulos and

Boulegue, 1987; Liakopoulos et al., 1986; Pflumio et
.al., 1991, 1993 . In addition, the Greek Institute of

Ž .Geology and Mineral Exploration I.G.M.E. under-
took an exploration programme involving the drilling
of 13 holes with an average depth of 30 m through
the deposit between 1988 and 1989 in order to
evaluate the economic importance of this deposit
Ž .Galanopoulos and Koinakis, 1991 . Wetzenstein
Ž . Ž .1975 , Hauck 1984 , Kelepertzis and Kyriakopou-

Ž . Ž .los 1991 , Bostrom and Galanopoulos 1994 , Hein¨
Ž . Ž .et al. 1999, 2000 and Plimer 2000 have also

discussed the origin of this deposit and Kelepertsis
Ž .and Chatzitheodoridis 1989 have mapped the dis-

persion halos of various elements around the deposit.
Ž .Hodkinson et al. 1994 have reported the enrich-

ment of Mn, Cu, Zn and Pb in sediments just off the
coast of the northern part of the central Milos em-
bayment adjacent to Cape Vani and Karageorgis et

Ž .al. 1998 presented data on the bathymetry, mineral-
ogy and sediment geochemistry of Milos bay.

In summary, the Vani manganese deposit is an
extremely well-preserved fossil stratabound hy-
drothermal deposit formed within an essentially un-
deformed and unmetamorphosed volcaniclastic sand-
stone. However, because the deposit is no longer of
economic interest, it has not received the sort of
attention that might have been expected on the basis
of its unique characteristics. In this paper, we present
a synthesis and critical discussion of the results of

Ž .Liakopoulos 1987 for the first time in English in
order to gain a better understanding of its nature and
mode of origin. The following sections are based
mainly on a translation of this work except where
otherwise stated.

2.2. Mineralogy

Microscopic examination showed that the man-
ganese-oxide minerals in the Vani manganese de-
posit form a cement in which fragments of vol-
caniclastic material occur. Two generations of
manganese-oxide minerals were identified. The first
generation consists of pyrolusite and ramsdellite; the
second of oxides of the isostructural series cryptome-
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lane–hollandite–coronadite plus hydrohetaerolite.
The principal characteristics of these minerals have

Ž . Ž .been described by Frenzel 1980 , Roy 1981 and
Ž . Ž .Post 1992 . Post 1999 has recently reported that

pyrolsite and ramsdellite may form in low-tempera-
ture hydrothermal deposits and the hollandite miner-
als may occur as prismatic crystals in hydrothermal
veins.

2.2.1. First generation of manganese oxides
It is difficult to distinguish pyrolusite and rams-

dellite under the microscope. They have very similar
optical properties. Both are yellowish grey although
pyrolusite is yellower than ramsdellite. What facili-
tates the differentiation is the system of cleavage and

Žcracking, which is characteristic of ramsdellite Fig.
.7a, b . X-ray diffraction provides a better way to

distinguish the two minerals because their symmetry
is different. Pyrolusite is present either in a cryp-
tocrystalline form or occurs in isolated zones within
the ramsdellite. The dissemination of the pyrolusite
in ramsdellite is thought to reflect the fact that it

Ž .forms last as the more stable phase Post, 1999 .

2.2.2. Second generation of manganese oxides
If the discrimination between pyrolusite and rams-

dellite under the microsope is difficult, that between
the three minerals in the isomorphous series, cryp-
tomelane–hollandite–coronadite is almost impossi-
ble. The similarity of the physical properties of these
oxides is a consequence of the same crystal structure.
The distinction based on X-ray diffraction studies is
also not easy. The three oxides have the same sym-
metry and produce practically the same diffraction
patterns. The intensity and position of the peaks vary
only slightly and the minerals cannot be identified
unambiguously based on these parameters alone. The
only way to discriminate these minerals is by chemi-
cal analysis. This was achieved by means of the
electron microprobe, in particular, by analyzing for
K, Ba and Pb.

Hydrohaeterolite is easy to recognize under the
optical microscope. It appears in close association
with hollandite and occurs in irregular zones which

Ž .are darker than those of hollandite Fig. 7c .
Two generations of manganese oxides can be

recognized under the optical microscope. The second
generation of oxides polishes very easily and shows

more reflecting zones which are whitish grey for the
Žisomorphous series cryptomelane–hollandite–

.coronadite; Fig. 7d and brownish grey for hydro-
Ž .hetaerolite Fig. 7c . The second generation of

oxides occurs in the form of microcrystalline aggre-
Žgates or with a rhythmic structure e.g. coronadite;

. ŽFig. 7e or in exsolution hydrohaeterolite in hollan-
.dite; Fig. 7c . A problem may arise with hollandite,

which sometimes forms needle-like crystals reminis-
cent of certain types of pyrolusite.

The oxides of the second generation replace the
Ž .oxides of the first generation Fig. 7b . In some

cases, hydrothermal fluids have penetrated into the
porous volcaniclastic sandstone to form lustrous
manganese-oxide deposits with black metallic sheen
on which botryoids of manganese oxides 2–15 mm
in diameter have formed. The formation of lustrous
manganese oxides with black metallic sheen is char-
acteristic of submarine hydrothermal manganese de-

Žposits Eckhardt et al., 1997; Glasby et al., 1997;
.Usui and Glasby, 1998 . The oxides of the second

generation, hollandite and coronadite, are seen to
have developed on the outer parts of the botryoids,
whereas the inner parts of the botryoids consist of
the oxides of the first generation, notably ramsdel-
lite, which are traversed by veins of hollandite or
coronadite.

2.3. The replacement of the centre of feldspars by
manganese oxides

We have already noted the presence of silicates in
the manganese oxides. In polished sections under the
optical microscope, these are seen to be K-feldspar
Ž .adularia in which the central part of the crystal has

Ž .been replaced by manganese oxides Figs. 7f, 8B–F .
Based on numerous examinations under the mi-

croscope, it was shown that the oxide occupying the
central part of the feldspar is always cryptomelane,

Ž . Žhollandite Fig. 7b–d or coronadite Fig. 8E, f; i.e.
.the oxides of the second generation . Our observa-

tions indicate that the initial introduction of the
manganese oxides occurred during the sericitization
of plagioclase. We believe that sericitization began at
the periphery of the plagioclase crystal and migrated

Ž .towards the centre along cleavage planes Fig. 8A .
The second phase of mineralization resulted in the
introduction of additional Kq ions which trans-
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formed the sericite to K-feldspar and displaced the
sericitized zone towards the centre of the crystal.
Manganese then infiltrated the central part of the
feldspar and replaced it.

2.4. Composition of the Mn oxides

The chemical compositions of the individual man-
ganese-oxide phases or mineral pairs in the Vani
deposit were determined by electron microprobe

Ž .analysis Tables 1 and 2 . It was assumed that man-
ganese exists entirely in the form of Mn4q except for
hydrohaeterolite where the manganese is mostly in

3q Ž .the form of Mn Frenzel, 1980 . The amount of
Mn2q determined by the oxalate method makes up
5% of the total manganese in cryptomelane and 10%
in hollandite–coronadite. The problems associated
with the separation of the three oxides mean that a
precise determination of the amount of Mn2q in each
of these minerals was not possible.

Determination of the water content posed another
problem. The adsorption of water by each mineral is
facilitated by the very fine grain size of the man-
ganese minerals as well as by the tunnel structures of
cryptomelane, hollandite and coronadite. The water
contents of pyrolusite and ramsdellite are both in the
range 1–2%. For the isomorphous oxides, it is 4.3%
for cryptomelane, in the range 0.0–7.2% for hollan-
dite and 2% for coronadite.

2.4.1. MnrFe ratio
The Vani manganese oxides display a wide vari-

ability in their MnrFe ratios; ca. 130 for the first
Žgeneration of manganese oxides pyrolusite and

.ramsdellite , ca. 160 for cryptomelane–hollandite,
ca. 500 for hollandite–coronadite, ca. 30 for hydro-
hetaerolite. These extremely high ratios reflect the
well-known fractionation of manganese and iron dur-
ing hydrothermal transport and mineralization
Ž .Glasby, 2000 . Similar high MnrFe ratios have
been observed in submarine hydrothermal man-
ganese deposits from convergent plate margins at

ŽKaikata Seamount on the Izu-Bonin Arc Usui and
.Glasby, 1998 and Palinuro Seamount on the Aeolian

Ž .Arc Eckhardt et al., 1997 . These high MnrFe
ratios can be contrasted with the extremely low
MnrFe ratios of other submarine hydrothermal oxy-
hydroxide deposits from the Aegean Arc as at San-

Ž .torini Bostrom et al., 1990a,b; Cronan et al., 2000¨
Žand Nisyros Varnavas and Cronan, 1991; Rahders et

.al., 1999 .

2.4.2. Co–Ni–Cu
The two generations of manganese oxides are

characterized by very low concentrations of Co, Ni
and Cu which, for the most part, do not exceed the

Ždetection limit of the electron microprobe ca. 1000
.ppm . This reflects the low contents of these ele-

ments in the hydrothermal fluids.

2.4.3. Second generation of manganese oxides
The structure of the oxides of the isomorphous

Ž .series cryptomelane–hollandite–coronadite is based
Ž .on an assemblage of octahedra MnO , which link6

up in double chains along thec-axis to produce a
three dimensional network. This structure has a
pseudo-tetragonal structure containing large cavities
Ž .tunnels . These tunnels are filled with water
molecules as well as the ions Kq, Ba2q and Pb2q,
which are incorporated in cryptomelane, hollandite
and coronadite, respectively.

2.4.3.1. Hollandite–coranadite. The minerals hollan-
dite–coronadite display an excellent negative corre-

Žlation between Ba and Pbrsy0.99; Liakopoulos,
.1987, pp. 52, Fig. 6 . The divalent ions of these

˚Želements have similar ionic radii 1.34 A for Ba and
˚ .1.20 A for Pb and substitute for each other. How-

Žever, pure hollandite 17% BaO and 0% K O and2
. ŽPbO and pure coronadite 30% PbO and 0% BaO

.and K O account for only a small part of the2

mineralization at Cape Vani. Rather, the minerals
present are dominantly intermediates in the isomor-
phous series hollandite–coronadite. The proportion
of manganese oxides in the octahedral sites of hol-
landite–coronadite is inversely proportional to the
sum of the oxides K OqBaOqPbO, which oc-2

cupy vacant sites in the tunnels sites in these miner-
Ž .als Liakopoulos, 1987, pp. 53, Fig. 7 .
The hollandites–coronadites are also enriched in

Zn with concentrations of up to 1.8% ZnO. They
Žalso contain up to 1.0% As O based on three2 3

. Ž .analyses Table 1 . The high concentration of As in
the coronadite together with the previously noted
presence of arseniosiderite close to the mineralized
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Table 1
Electron microprobe analysis of selected elements in manganese oxide mineral pairs from the Vani manganese deposit
All analyses in percent.

MnO Fe O K O BaO PbO Al O SiO MgO CoO NiO CuO ZnO Na O CaO As O Total2 2 3 2 2 3 2 2 2 3

1 69.2 n.d. 0.07 1.05 23.9 0.05 0.15 n.d. 0.04 n.d. 0.12 0.71 0.13 0.13 n.a 95.6
2 65.6 n.d. 0.06 0.1 30 n.a. 0.25 n.d. 0.05 n.d. 0.03 0.7 0.09 0.13 n.a 97
3 73.9 n.d. 0.61 5.77 13.2 0.05 0.26 0.03 n.d. 0.03 0.31 0.91 0.08 0.23 n.a 95.4
4 70.2 0.04 0.17 1.63 23.2 0.06 0.24 0.04 n.d. n.d. 0.24 0.62 0.08 0.1 n.a 96.6
5 71.4 0.02 0.31 2.2 22.8 0.1 0.2 n.d. n.d. 0.03 n.d. 0.3 n.d. 0.06 n.a 97.4
6 73.8 0.02 0.37 3.38 20.2 0.08 0.07 n.d. n.d. n.d. 0.21 0.21 n.d. 0.01 n.a 98.4
7 70.2 0.08 0.27 1.87 24.3 0.06 0.07 n.d. n.d. n.d. n.d. 0.22 n.d. n.d. n.a 97
8 73.5 n.d. 0.39 2.59 20.8 0.06 0.05 n.d. n.d. n.d. 0.75 n.d. n.d. n.d. n.a 98.1
9 72.2 n.d. 0.32 3.12 20.4 0.07 0.04 0.01 n.d. n.d. n.d. 0.11 0.01 n.d. n.a 96.3

10 74.6 n.d. 0.69 4.13 19.1 0.07 0.06 0.03 0.04 n.d. n.d. 0.28 0.11 n.d. n.a 99.1
11 74.6 n.d. 0.78 11.9 2.96 0.18 0.16 0.21 n.d. n.d. n.d. 1.2 0.28 0.22 n.a 92.5
12 71.9 n.d. 0.55 6.04 13.9 0.16 0.05 0.18 n.d. n.d. 0.73 1.79 0.27 0.24 n.a 95.8
13 72.5 0.8 0.23 2.21 21.8 0.03 0.28 n.d. n.d. n.d. n.d. 0.99 n.d. n.d. n.a 98.8
14 70.8 0.58 0.13 0.88 26.3 0.07 0.31 0.03 n.d. n.d. 0.15 1.16 n.d. n.d. n.a 100
15 82.2 n.d. 0.42 14.1 0.82 0.37 0.11 n.d. 0.23 0.05 1.54 0.71 n.d. n.d. n.a 101
16 71.1 0.03 0.62 7.27 11.4 0.19 0.15 0.16 n.d. 0.13 0.39 1.47 0.09 0.2 n.a 93.2
17 72.1 0.04 0.52 6.36 13.4 0.22 0.23 0.16 0.14 0.14 0.7 1.41 0.12 0.26 n.a 95.9
18 72.7 0.12 0.61 7.6 10.7 0.06 0.18 0.22 n.d. 0.07 0.44 0.63 0.22 0.13 n.a 93.7
19 70.6 n.d. 0.54 6.55 13 0.22 0.14 0.18 n.d. n.d. 0.41 0.83 0.17 0.15 n.a 92.8
20 71.4 0.12 0.29 1.63 24 0.01 0.2 n.d. n.d. n.d. 0.13 0.28 0.07 n.a 98.2
21 71 0.06 0.17 0.87 25.2 0.06 0.14 n.d. n.d. n.d. 0.43 0.78 0.07 0.05 n.a 98.8
22 71.2 0.14 0.31 2.33 21.9 0.11 0.15 0.08 n.d. n.d. n.d. 0.84 0.19 0.1 n.a 97.4
23 71.6 n.d. 0.48 4.29 17.6 0.18 0.09 0.08 n.d. 0.01 n.d. 0.62 0.14 0.21 n.a 95.3
24 72.7 0.11 0.34 1.9 24.1 0.09 0.07 0.07 0.05 n.d. 0.01 1.02 0.03 0.17 n.a 101
25 70.2 0.13 0.23 1.95 23 0.04 0.07 0.02 n.d. n.d. 0.39 0.62 0.02 0.13 n.a 96.8
26 69 n.d. 0.29 2.23 22.9 0.13 0.15 0.11 n.d. 0.06 0.29 0.71 0.05 0.2 n.a 94.1
27 71.8 0.05 0.2 2.04 21.9 0.19 0.15 0.08 n.d. n.d. 0.14 0.88 0.13 0.08 n.a 97.7
28 70.3 0.18 0.14 0.78 24.6 0.01 0.23 0.11 0.1 n.d. 0.35 0.47 0.11 0.05 n.a 97.5
29 81 n.d. 0.75 14.8 1.48 0.33 0.01 0.07 n.d. n.d. 0.31 0.65 0.1 0.09 n.a 99.4
30 72.3 0.13 0.79 4.05 16.8 0.11 0.34 0.08 0.34 n.d. 0.36 0.2 0.06 0.19 n.a 95.5
31 69.1 n.d. n.d. 1.35 26.3 0.13 0.18 0.01 n.d. n.d. n.d. 0.16 0.05 0.15 n.a 97.4
32 71.4 0.15 0.25 2.63 20.8 0.07 0.26 0.08 n.d. n.d. 0.12 0.41 0.12 0.06 n.a 96.4
33 68.3 0.04 0.08 1 26.2 0.01 0.35 0.01 n.d. n.d. 0.17 0.47 n.d. 0.08 n.a 96.9
34 76.7 0.14 0.04 17.4 n.d. 0.5 0.12 0.07 n.d. n.d. n.d. 0.38 n.d. n.d. n.a 95.6
35 76.9 0.14 n.d. 16.9 n.d. 0.39 0.12 0.05 n.d. n.d. n.d. 0.2 n.d. n.d. n.a 94.7
36 72.2 n.d. 0.23 2.21 21.7 0.03 0.24 0.08 0.17 n.d. 0.33 1.24 n.d. n.d. n.a 98.1
37 73.5 0.08 0.17 1.45 21.9 0.05 0.4 0.02 0.13 n.d. 0.2 0.64 n.d. n.d. n.a 97.8
38 72.2 1.39 0.36 1.85 22.2 0.12 0.28 0.04 n.d. 0.12 0.4 0.67 n.d. n.d. n.a 99.6
39 72.2 n.d. 0.22 2.28 20.9 0.01 0.24 n.d. n.d. n.d. n.d. 0.56 n.d. n.d. n.a 96.6
40 74.1 n.d. 0.25 2.76 18.4 0.08 0.1 0.06 n.d. n.d. n.d. 0.44 n.d. n.d. n.a 96.3
41 70.4 0.17 0.37 3.97 17.2 0.02 0.04 0.08 n.d. n.d. n.d. n.d. n.d. n.d. n.a 92.2
42 74.6 0.11 0.4 4.15 15.9 0.03 0.25 0.08 n.d. n.d. n.d. n.d. n.d. n.d. n.d 95.6
43 75.8 0.02 0.54 4.35 15.2 0.11 n.d. n.d. n.d. 0.05 n.d. 0.82 n.d. n.d. n.d 97.5
44 77.3 0.07 0.17 14 0.4 0.3 0.17 0.23 n.d. 0.11 0.12 0.18 n.d. n.d. n.d 93.1
45 79.9 n.d. 0.13 14.5 n.d. 0.12 0.21 0.18 0.02 n.d. n.d. n.d. n.d. n.d. n.d 95
46 66 1.8 1.38 2.27 17.8 1.43 5.51 0.21 n.d. 0.08 0.16 0.86 n.d. n.d. n.d 97.5
47 73.9 0.33 0.35 2.45 21.2 0.12 0.26 0.04 n.d. n.d. n.d. 0.97 n.d. n.d. n.d 99.7
48 75.1 n.d. 0.28 2.34 19.6 0.02 0.26 n.d. n.d. 0.08 n.d. 0.62 n.d. n.d. n.d 98.3
49 76.6 0.14 0.65 6.4 11.7 0.04 0.18 0.06 n.d. n.d. 0.44 1.34 n.d. n.d. n.d 97.6
50 73.4 0.13 0.27 2.7 19.6 0.02 0.33 0.1 n.d. n.d. 0.22 0.82 n.d. n.d. n.d 97.5
51 63.9 n.d. n.d. n.d. 27.9 n.a. 0.38 n.d. n.d. 0.23 0.14 0.83 n.d. 0.17 1.9 95.5
52 65.9 0.78 n.d. 0.56 24.3 n.a. 0.21 n.d. n.d. n.d. n.d. 0.54 n.d. 0.2 1.03 93.6
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Ž .Table 1 continued

MnO Fe O K O BaO PbO Al O SiO MgO CoO NiO CuO ZnO Na O CaO As O Total2 2 3 2 2 3 2 2 2 3

53 67.3 n.d. n.d. 2.01 21.2 n.a. 0.21 n.d. n.d. 0.03 n.d. 0.5 n.d. 0.29 0.9 92.5
54 72.3 n.d. 0.18 0.59 24.6 0.14 0.6 0.07 0.03 n.d. n.d. 0.69 n.d. n.d. n.d 99.2
55 69.1 n.d. 0.15 0.98 26 0.01 0.32 0.04 n.d. n.d. n.d. 1.55 n.d. n.d. n.d 98.2
56 70.5 n.d. 0.12 n.d. 25.2 n.a. 0.36 0.02 n.d. n.d. 0.04 0.36 n.d. n.d. n.d 97
57 71.4 n.d. 0.09 0.18 25.9 n.a. 0.29 n.d. n.d. n.d. n.d. 0.22 n.d. n.d. n.d 98.5
58 74.9 n.d. 0.24 3.49 19.3 0.03 0.14 n.d. n.d. n.d. 0.09 0.58 n.d. n.d. n.d 98.7
59 79 n.d. 0.25 14.4 0.16 0.16 0.47 0.6 0.2 0.04 n.d. n.d. n.d. 0.21 n.d 95.4
60 83.8 0.02 0.36 4.43 4.8 0.43 0.12 0.12 n.d. n.d. 0.08 1.49 n.d. n.d. n.d 95.6
61 85.56 n.d. 3.9 5.85 0.75 0.37 0.04 0.02 n.d. n.d. 0.19 0.37 n.d. 0.12 n.a 97.2
62 82.9 n.d. 4.11 7.75 0.09 0.32 0.11 n.d. n.d. n.d. 0.17 0.33 n.d. 0.18 n.a 96
63 87.1 0.12 3.94 5.08 0.57 0.24 0.04 0.04 n.d. 0.13 0.23 0.67 n.d. 0.08 n.a 98.2
64 84.1 n.d. 4.42 5.81 1.18 0.25 n.d. 0.09 n.d. n.d. 0.13 0.72 n.d. 0.08 n.a 96.8
65 85.4 n.d. 4.54 4.25 0.68 0.28 0.04 0.03 n.d. n.d. 1.02 0.81 n.d. 0.11 n.a 97.1
66 81.2 0.34 4.38 7.62 0.12 0.47 n.d. 0.02 n.d. n.d. 0.25 0.76 n.d. 0.07 n.a 95.6
67 80.27 0.27 3.33 9.49 0.29 0.31 n.d. 0.03 n.d. 1.57 0.01 0.42 n.d. 0.13 n.a 96.1
68 79.8 0.3 3.87 7.99 0.65 0.3 0.06 0.11 n.d. n.d. 0.17 n.d. n.d. 0.13 n.a 93.4
69 82.07 0.26 4.77 5.15 0.67 0.24 0.1 0.02 n.d. n.d. n.d. 0.94 n.d. 0.13 n.a 94.5
70 83.59 0.34 1.1 13.79 0.35 0.44 0.02 n.d. n.d. n.d. 0.14 n.d. n.d. 0.12 n.a 99.9
71 83.6 0.3 3.72 3.94 n.d. 0.34 0.4 0.63 n.d. n.d. 0.06 0.72 0.9 1.3 n.a 95.9
72 85 0.18 1.96 3.84 n.d. 0.42 0.47 0.52 n.d. n.d. 0.08 n.d. 0.9 1.04 n.a 94.4
73 85.6 0.77 1.54 3.01 n.d. 0.44 0.36 0.81 n.d. n.d. n.d. 2.2 1 1.05 n.a 96.8
74 90.1 0.71 1.62 2.7 n.d. 0.33 0.36 0.74 n.d. n.d. 0.13 0.41 1 0.89 n.a 98.9
75 81.9 0.21 5.07 11.4 n.d. 0.15 0.12 n.d. n.d. n.d. 0.23 0.32 0.3 0.14 n.a 99.8
76 82.23 2.19 6.13 3.49 n.d. 0.72 2.76 0.65 n.d. 0.05 n.d. 1.28 0.5 1.36 n.a 101
77 85.5 2.17 1.68 1.98 n.d. 0.94 3.31 0.84 n.d. n.d. 0.3 0.17 0.8 0.91 n.a 98.6
78 77.42 0.17 0.95 13.18 n.d. 0.24 0.13 0.12 n.d. n.d. n.d. 1.16 0.3 0.3 n.a 94

n.d.sNot detected; n.a.sNot analyzed.
Samples 1–60: Coronadite–Hollandite.
Samples 61 to 78: Cryptomelane–Hollandite.

zone indicates that these two minerals were probably
formed from the same hydrothermal fluid.

2.4.3.2. Cryptomelane–hollandite. In the case of the
cryptomelane–hollandite, there is a negative correla-

Žtion between K and Ba Liakopoulos, 1987, pp. 55,
.Fig. 8 . The proportion of manganese oxides is also

inversely proportional to the sum of the oxides K O2

qBaOqPbO. The cryptomelane–hollandite is also
enriched in Zn with concentrations of ZnO of up to
1.3% and Cu with concentrations of up to 1.0% CuO
Ž .Table 1 .

2.4.3.3. Hydrohaeterolite. Hydrohaeterolite is iso-
morphous with hausmannite and displays a tetrago-
nal structure. In the Cape Vani manganese oxides,
hydrohaeterolite appears to be in exsolution in hol-
landite. Electron microprobe analysis shows that the
hydrohaeterolite contains up to 1.5% BaO and up to

Ž .0.62% K O Table 2 . Pb also occurs sporadically in2

hydrohaeterolite. As is present in hydrohaeterolite
only in low concentrations. Zn occurs in hydro-
haeterolite in concentrations of up to 33.6% ZnO.
ZnO shows a negative correlation with K OqBaO2

qPbO in hollandite–hydrohaeterolite; however, the
mixing between these minerals is not continuous.

2.5. Accessory minerals

2.5.1. Barite
Field and laboratory investigations demonstrated

that there are two generations of barite at Cape Vani.
The first generation of barite is disseminated in the
volcaniclastic sandstone. Some of this barite has
been cemented and replaced by manganese oxides of
the second generation. Microcrystalline K-feldspar
Ž .adularia is often seen to have formed around barite
crystals associated with the manganese-oxide layers
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Fig. 6. Schematic representation of the stratigraphy of manganese
mineralization at Cape Vani. Profile A is from the western sector

Ž . Ž .of Cape Vani and B from the western sector. 1 Dacites; 2
Ž .underlying volcaniclastic sandstone; 3 manganese oxide beds;

Ž . Ž . Ž . Ž4 green horizon glauconitic ; 5 white horizon K-feldspar and
. Ž . Ž .oligoclase ; 6 white horizon with arsenosiderite; 7 conglomer-

Ž . Ž . Žates; 8 overlying volcaniclastic sandstone; 9 soil horizon taken
.from Liakopoulos, 1987, p. 43 .

Ž .Fig. 7d . In some cases, iron oxyhydroxides have
also formed concentrically around the barite crystals.
The second generation of barite appears in the form
of veins 5–15 cm thick, which cut the manganese
ore and the dacites. The preferred directions of the
veins are about N3308 and N308. Apart from barite
and quartz, which are the principal constituents of

Ž .the veins, sulphides sphalerite and galena are also
observed.

2.5.2. Arseniosiderite
Arseniosiderite occurs in the red layer within the

white horizon as described previously. The occur-
rence of different forms of this mineral was demon-
strated by means of electron microprobe analysis.
Under the microscope, the arseniosiderite is yellow
or reddish brown and occurs either as an assemblage
of fibrous crystals radiating around a centre or as
isolated crystals, both types of which are cemented
within a ferruginous matrix. The average composi-

tion of this mineral based on the electron microprobe
analysis of 14 spots was 30.0% Fe O , 31.9% As O ,2 3 2 5

12.8% CaO, 4.5% SiO , 1.5% MnO and 0.15%2 2

Al O .2 3

2.6. Vein mineralization in the Mn oxides at Kon-
daros

The most important indications of sulphides are
located at Kondaros, which is situated south of Mt.

Ž .Katsimoutis Fig. 4 . These consist of vein mineral-
ization in the manganese oxides that develop at the
NE extremity of a major fault. This fault is oriented
almost N308 and extends to the SW as far as Triades.
The fault cuts intensively fractured and altered
dacites. Secondary minerals found there include
kaolinite, sericite and adularia. The principal vein
mineralization is about 1 m thick and is oriented
almost N308. The dacites are traversed by a number
of veins which display no preferred orientation and
vary in thickness between 5 and 10 cm. Microscopic
observation shows that this mineralization consists of

Ž .sulphides sphalerite, galena, chalcopyrite and pyrite ,
Ž .carbonates calcite, manganocalcite , barite and

quartz. Quartz and carbonates are the most important
Ž .constituents of the veins)90% . Sphalerite is the

dominant sulphide mineral. The sulphides occur ei-
ther in small veins or disseminated in a carbonate
and siliceous matrix.

2.7. Hydrothermal alteration associated with the de-
position of the Mn oxides

2.7.1. Zones of hydrothermal alteration
More than 100 samples were taken in the vicinity

of Vani manganese deposit as well as from the
volcaniclastic sandstone and volcanic rocks sur-
rounding this area in order to study the influence of
hydrothermal alteration on the geology of the area.
As a result of this study, the following secondary
minerals were identified by X-ray diffraction, optical
microscopy and electron microprobe analysis: K-
feldspar, K-mica, chlorite, kaolinite, montmorillonite
and silica. Fig. 9 shows the distribution of the prod-
ucts of hydrothermal alteration, which was based not
only on the presence or absence of a particular
mineral phase, but also on the nature of the dominant
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Ž . Ž . Ž .Fig. 7. Different aspects of the Vani manganese mineralization: a cracked crystals of ramsdellite; b hollandite H replacing ramsdellite
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .R ; c exsolutions forms of hydrohetaerolite Hy , hollandite H and K-Feldspar F ; d dissolution of barite B by coronadite C ,

Ž . Ž . Ž . Ž .presence of ferric oxides O and microcrystals of K-feldspar F ; e coronadite displaying a rhythmic structure; f replacement of
Ž . Ž .K-feldspar F by hollandite H .

mineral phase. Four distinct mineralogical zones were
identified dominated by K-feldspar, montmorillonite,
kaolinite and sericite, and kaolinite and cristoballite,
respectively. Minor amounts of oligoclase, K-felds-
par and montmorillonite were observed in the overly-
ing volcaniclastic sandstone of the mineralized zone.

2.7.1.1. K-feldspar zone. The Vani manganese de-
posit is closely associated with the K-feldspar zone.
The mineral constituents of the volcaniclastic sand-
stone and underlying dacites were transformed mainly
into K-feldspar with lesser amounts of K-mica. Chlo-

rite, leucoxene and silica were present as secondary
minerals. The compositions of the K-feldspars are
presented in Table 3.

2.7.1.2. Intermediate zone of montmorillonite. The
montmorillonite zone comprises montmorillonite,
K-feldspar and sericite. The montmorillonite was
identified by X-ray diffraction on oriented samples.
Under the microscope, the montmorillonite was seen
to occur as spheroidal, microcrystalline aggregates
with a weak yellow colour which developed at the
expense of the plagioclase and the rock matrix.
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Ž .Fig. 8. SEM photographs showing different aspects of K-feldspar replacement by the second generation of manganese oxides: A existence
Ž . Ž . Ž . Ž . Ž . Ž .of cavities in the K-feldspar crystals FK ; B–D hollandite H replacing K-feldspar FK ; E–F coronadite CO replacing K-feldspar

Ž .FK .
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Table 2
Electron microprobe analysis of selected elements in manganese oxide mineral pairs from the Vani manganese deposit
All analyses in percent.

MnO Fe O K O BaO PbO ZnO As O SrO Au F Total2 2 3 2 2 3

1 54.76 2.04 0.46 0.31 n.d. 32.89 n.d. n.d. n.d. n.d. 90.45
2 56.07 2.6 0.38 n.d. n.d. 31.9 0.05 n.d. n.d. 0.08 91.08
3 56.15 2.69 0.35 n.d. n.d. 31.61 n.d. n.d. n.d. 0.03 90.84
4 55.96 1.77 0.4 n.d. n.d. 31.5 0.04 n.d. 0.07 0.25 89.98
5 57.64 2.5 0.18 n.d. n.d. 31.9 0.05 0.16 n.d. 0.33 92.77
6 55.46 2.44 0.19 0.06 n.d. 32.9 n.d. n.d. 0.04 n.d. 91.1
7 57.82 2.37 0.17 0.07 0.06 32.14 n.d. n.d. 0.01 0.03 92.67
8 56.07 0.55 0.21 n.d. n.d. 33.65 0.2 n.d. n.d. n.d. 90.5
9 57.32 2.11 0.22 n.d. n.d. 31.4 0.07 n.d. 0.09 n.d. 91.2

10 56.16 1.46 0.13 0.02 n.d. 32.4 n.d. n.d. n.d. 0.06 90.2
11 55.37 1.18 0.55 1.51 0.15 27.14 n.d. n.d. n.d. 0.17 86.07
12 57.12 0.7 0.33 1.06 n.d. 30.6 0.26 0.16 n.d. 0.58 90.8
13 54.89 1.19 0.62 1.18 0.06 26.24 0.1 n.d. n.d. 0.28 84.56
14 55.37 0.87 0.5 1.04 0.12 28.68 0.08 n.d. n.d. 0.2 86.86
15 53.97 1.06 0.56 0.98 n.d. 26.9 n.d. n.d. 0.06 n.d. 83.53
16 54.47 0.84 0.52 1.38 n.d. 27.65 0.06 0.02 n.d. 0.03 84.97
17 55.07 0.84 0.44 1.54 n.d. 24.72 0.04 n.d. n.d. n.d. 82.65
18 57.09 0.12 0 0.07 n.d. 32.67 n.d. n.d. n.d. 0.2 90.15
19 57.06 0.04 0 n.d. 0.01 32.68 0.11 0.07 0.02 n.d. 89.98
20 53.36 0.71 0.19 0.07 n.d. 32.95 n.d. 0.02 0.19 n.d. 87.48
21 54.47 2.6 0.2 0.13 n.d. 33.57 n.d. n.d. n.d. 0.16 91.13
22 52.38 2.74 0.3 0.06 0.03 32.47 0.06 n.d. 0.13 n.d. 88.16
23 54.91 2 0.22 0.09 n.d. 32.06 n.d. n.d. 0.04 n.d. 89.64
24 53.95 2.34 0.23 0.15 0.24 32.09 0.04 n.d. 0.09 0.27 89.11
25 80.19 0.08 0.29 12.87 0.05 3.27 0.11 0.26 n.d. n.d. 97.12
26 78.33 0.04 0.15 13.17 0.01 3.37 0.45 0.11 0.12 0.45 96.21
27 80.15 0.08 0.15 13.43 n.d. 2.68 0.16 n.d. 0.01 0.16 96.83
28 74.38 0.35 0.65 7.42 0.29 4.88 n.d. 0.2 n.d. 0.34 88.51
29 71.95 0.53 0.6 7.76 0.42 5.5 0.24 0.33 n.d. n.d. 87.32
30 70.04 1.36 1.04 7.73 0.58 4.35 0.2 0.05 0.09 n.d. 85.44
31 68.63 0.98 0.81 7.56 2.75 2.83 0.32 0.09 0.07 0.13 84.16
32 71.11 2.78 0.57 8.34 0.26 4.91 n.d. 0.33 n.d. n.d. 88.3
33 66.25 1.56 0.53 5.54 12.5 2.14 0.25 n.d. 0.03 0.05 88.84
34 73.71 0.11 0.62 7.92 0.4 4.32 n.d. 0.26 n.d. n.d. 87.34

n.d.sNot detected.
Samples 1–34: Coronadite–Hydrohaeterolite.

2.7.1.3. Kaolinite zone. The kaolinite zone occurs in
the outer parts of the Vani basin where kaolinite
along with K-feldspar and K-mica have developed at
the expense of plagioclase. In certain places, alter-
ation is more advanced resulting in the complete
argillization of the rock with the mineralogical as-
semblage dominated by kaolinite and cristobalite.
However, there is no clear evidence that the kaolin-
ization process was related to the manganese miner-

Ž .alization at Vani. Pflumio et al. 1991 have shown
that the kaolinized lavas have the same Sr isotopic

ratios as the unaltered dacites. This suggests that
argillization was not related to the hydrothermal
alteration processes at Vani and may post-date the
manganese mineralization.

2.7.1.4. Dacites. The dacites occur as domes or lava
flows. Samples of unaltered dacites were taken on

Ž .the northern slope of Mt. Katsimoutis Fig. 3 . Mi-
croscopically, these dacites consist of a porphyric,
microlitic and sometimes fluidal structures and are
characterized by a microcrystalline matrix consisting
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Fig. 9. Schematic map showing the distribution of the products of hydrothermal alteration around the Vani manganese deposit.

of rods of plagioclase, quartz and volcanic glass.
They are composed principally of andesine-labrador
plagioclase, pyroxenes, amphiboles, biotites, quartz
and titanomagnetites. The altered dacites occur within
the Vani basin and show metasomatic phenomena
with neoformation of adularia, sericite and chlorite.
They are characterized by an enrichment of K O and2

depletion of CaO, MgO and Na O compared to the2

unaltered dacites. The compositions of the unaltered
and altered dacites are presented in Table 4.

3. Mineralization at Triades—Galana

Galana, the ancient mining area of Triades, is
situated about 4 km south of the Vani manganese

deposit. There is some evidence for limited mining
Ž .of this deposit in Roman times Plimer, 2000 . The

mining company Siphnos-Eubee exploited the de-´
posit from 1884 until the beginning of the 20th
century, first for Pb–Zn and shortly afterwards for
Ag. Mining was mainly open cast although mining
also took place at depth in the Galana mine by
means of a system of galleries which, in some cases,

Ž .descended 75 m below sea level Liakopoulos, 1987 .
Reserves of the mine were estimated to be 10 million
tonnes on a dry weight basis with an mean concen-
tration of Ag of 500 ppm. The principal Ag minerals

Ž .present were argentite Ag S and pyrargyrite2
Ž .Ag SbS . Two types of barite could be distin-3 3

guished, an almost pure barite and one very rich in
silica. Both types of barite are argentiferous with Ag
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Table 3
Electron microprobe analysis of selected elements in K-feldspar minerals from the Vani area
All analyses in percent.

K O Al O SiO Na O CaO BaO MnO PbO FeO MgO CuO ZnO Total2 2 3 2 2

1 17.96 17.97 64.38 n.d. n.d. n.d. n.d. n.d. 0.01 n.d. n.d. n.d. 100.32
2 17.37 18.11 64.33 n.d. n.d. n.d. n.d. n.d. n.d. 0.03 0.08 0.17 100.09
3 18.02 18.15 63.95 n.d. n.d. n.d. n.d. n.d. 0.02 n.d. 0.05 0.18 100.37
4 18.24 18.41 63.72 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d. 100.41
5 16.39 18.1 64.51 n.d. n.d. n.d. n.d. n.d. 0.01 0.02 0.56 n.d. 99.59
6 17.89 18.17 63.53 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 99.59
7 15.14 19.37 63.98 n.d. n.d. 0.47 n.d. n.d. 0.05 0.2 0.1 0.1 99.31
8 17.76 17.94 63.28 n.d. n.d. 0.12 n.d. 0.24 n.d. n.d. 0.11 n.d. 99.45
9 17.86 17.73 61.93 n.d. n.d. n.d. n.d. 0.25 n.d. n.d. n.d. 0.31 98.08

10 18.11 17.63 64.98 0.07 n.d. 0.02 0.28 0.12 n.d. n.d. 0.02 0.01 101.24
11 16.95 17.64 65.49 n.d. n.d. 0.02 0.19 n.d. n.d. n.d. n.d. 0.22 100.51
12 17.67 17.85 65.7 n.d. n.d. n.d. n.d. n.d. 0.31 0.06 n.d. n.d. 101.59
13 17.47 17.99 65.01 n.d. n.d. n.d. 0.36 0.05 n.d. 0.03 n.d. n.d. 100.91
14 17.2 18.02 64.42 n.d. n.d. n.d. 0.11 0.01 n.d. n.d. n.d. n.d. 99.76
15 16.93 17.72 64.77 n.d. n.d. n.d. 0.48 n.d. n.d. 0.04 n.d. n.d. 99.94
16 17.1 17.73 64.5 n.d. n.d. n.d. 0.58 n.d. n.d. n.d. n.d. 0.23 100.14
17 17.54 17.58 65.89 n.d. n.d. n.d. 0.51 0.11 n.d. n.d. n.d. n.d. 101.63
18 16.71 17.57 64.91 n.d. n.d. 0.14 0.46 n.d. 0.08 n.d. 0.08 n.d. 99.95
19 16.6 17.62 65.14 n.d. n.d. n.d. 0.57 n.d. n.d. n.d. n.d. n.d. 99.93
20 17.24 18.2 64.08 n.d. n.d. 0.21 0.99 0.06 0.07 0.04 n.d. n.d. 100.89
21 17.81 17.6 65.12 n.d. n.d. n.d. 0.05 n.d. n.d. n.d. n.d. 0.15 100.73
22 18.03 17.75 65.77 n.d. n.d. n.d. 0.31 n.d. 0.28 0.02 n.d. n.d. 102.16
23 16.8 17.97 64.34 n.d. n.d. 0.68 0.07 0.08 n.d. n.d. n.d. n.d. 99.94
24 17.06 17.76 65.04 n.d. n.d. n.d. n.d. n.d. 0.07 n.d. n.d. n.d. 99.93
25 17.65 17.96 63.4 n.d. n.d. 0.17 0.48 n.d. 0.04 n.d. n.d. n.d. 99.7
26 15.4 18 68.95 0.38 0.09 0.03 n.d. n.d. 0.05 n.d. n.d. n.d. 102.9
27 16.82 18.72 65.38 0.33 n.d. 0.48 0.06 n.d. 0.08 n.d. n.d. n.d. 101.87
28 15.63 18.16 66.28 0.57 0.11 n.d. 0.08 n.d. n.d. n.d. 0.07 0.02 100.92
29 17.11 18.28 65.75 0.04 n.d. n.d. n.d. 0.19 0.02 n.d. n.d. n.d. 101.39
30 16.16 18.62 64.25 0.21 n.d. 0.89 0.24 0.11 n.d. 0.02 n.d. 0.01 100.51
31 16.31 18.66 66.65 0.13 n.d. 0.07 0.23 n.d. n.d. 0.04 n.d. n.d. 102.09
32 13.42 19.28 64.32 1.31 0.4 0.64 0.94 0.18 0.1 n.d. 0.11 n.d. 100.7
33 12.6 19.09 67.1 1.27 0.26 0.18 n.d. 0.11 0.62 n.d. 0.16 0.19 101.58
34 13.73 18.68 66.58 0.79 0.16 0.01 n.d. 0.04 0.12 n.d. n.d. 0.01 100.12
35 12.98 18.59 66.41 1.48 0.18 0.06 0.07 0.16 0.12 0.02 n.d. n.d. 100.07
36 16.18 17.12 63.72 0.12 n.d. 0.01 n.d. n.d. 0.02 n.d. n.d. 0.02 97.19
37 16.71 17.73 65.44 0.13 n.d. n.d. n.d. n.d. 0.3 n.d. n.d. n.d. 100.31
38 17.22 18.6 65.55 0.09 n.d. n.d. n.d. n.d. 0.25 n.d. n.d. 0.01 101.72
39 15.08 19.47 58.76 0.04 0.03 3.53 n.d. n.d. 0.08 n.d. n.d. 0.08 97.07
40 15.24 19.27 65.82 0.07 0.05 n.d. 0.05 n.d. 0.02 n.d. n.d. n.d. 100.52
41 13.14 25.41 59.95 0.05 0.02 1.41 0.43 n.d. n.d. n.d. n.d. n.d. 100.41
42 17.6 19.15 64.9 0.08 0.01 0.48 0.01 n.d. 0.24 0.14 0.18 n.d. 102.79
43 17.68 18.6 63.06 0.07 n.d. 0.14 0.09 0.16 n.d. n.d. 0.08 n.d. 99.88
44 18.07 17.73 64.28 0.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.08 100.21
45 16.51 18.79 61.78 0.1 n.d. 1.69 0.09 n.d. 0.14 n.d. n.d. 0.02 99.12
46 16.97 19.16 63.14 0.007 n.d. 1.94 n.d. n.d. n.d. n.d. n.d. n.d. 101.22
47 11.15 19.63 64.03 1.87 0.2 n.d. 0.07 0.23 n.d. 0.02 n.d. n.d. 97.2
48 14.72 18.92 65.53 1.63 0.18 0.59 n.d. 0.05 1.09 0.27 n.d. n.d. 102.98
49 14.78 19.92 61.73 0.2 n.d. 2.91 n.d. 0.22 0.52 n.d. n.d. n.d. 100.28
50 14.92 18.06 65.35 0.12 n.d. 0.02 n.d. n.d. n.d. 0.06 n.d. n.d. 98.53
51 16.76 18.19 66.69 0.11 n.d. n.d. n.d. n.d. 0.26 n.d. n.d. 0.14 102.15

( )continued on next page
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Ž .Table 3 continued

K O Al O SiO Na O CaO BaO MnO PbO FeO MgO CuO ZnO Total2 2 3 2 2

52 15.64 19.08 66.22 0.36 n.d. n.d. n.d. n.d. 0.19 0.16 n.d. 0.3 101.95
53 14.63 18.36 63.72 0.38 n.d. n.d. n.d. n.d. 1.8 1.24 n.d. 0.02 100.15

Number of specific ions on the basis of eight oxygens

K Al Si Na Ca Ba Total Ab% An% Or%

1 0.191 0.259 2.143 2.59 0.00 0.00 100.00
2 0.184 0.533 2.141 2.86 0.00 0.00 100.00
3 0.191 0.534 2.128 2.85 0.00 0.00 100.00
4 0.194 0.542 2.121 2.86 0.00 0.00 100.00
5 0.174 0.533 2.147 2.85 0.00 0.00 100.00
6 0.19 0.535 2.114 2.84 0.00 0.00 100.00
7 0.161 0.57 2.129 0.003 2.86 0.00 0.00 100.00
8 0.189 0.528 2.106 0.0008 2.82 0.00 0.00 100.00
9 0.19 0.522 2.06 2.77 0.00 0.00 100.00

10 0.192 0.519 2.163 0.01 0.0001 2.88 4.95 0.00 95.05
11 0.18 0.519 2.18 0.0001 2.88 0.00 0.00 100.00
12 0.188 0.525 2.187 2.90 0.00 0.00 100.00
13 0.185 0.529 2.164 2.88 0.00 0.00 100.00
14 0.183 0.53 2.144 2.86 0.00 0.00 100.00
15 0.18 0.521 2.156 2.86 0.00 0.00 100.00
16 0.182 0.522 2.147 2.85 0.00 0.00 100.00
17 0.186 0.517 2.193 2.90 0.00 0.00 100.00
18 0.177 0.517 2.16 0.0009 2.85 0.00 0.00 100.00
19 0.176 0.519 2.168 2.86 0.00 0.00 100.00
20 0.183 0.536 2.133 0.001 2.85 0.00 0.00 100.00
21 0.189 0.518 2.167 2.87 0.00 0.00 100.00
22 0.191 0.522 2.189 2.90 0.00 0.00 100.00
23 0.178 0.529 2.141 0.004 2.85 0.00 0.00 100.00
24 0.181 0.523 2.165 2.87 0.00 0.00 100.00
25 0.187 0.529 2.11 0.001 2.83 0.00 0.00 100.00
26 0.902 0.975 3.031 0.034 0.004 0.0005 4.95 3.62 0.43 95.96
27 0.98 1.007 2.986 0.029 0.009 5.01 2.87 0.00 97.13
28 0.909 0.976 3.022 0.051 0.006 4.96 5.28 0.62 94.10
29 0.999 0.986 3.008 0.003 5.00 0.30 0.00 99.70
30 0.956 1.018 2.979 0.019 0.016 4.99 1.95 0.00 98.05
31 0.94 0.994 3.01 0.011 0.001 4.96 1.16 0.00 98.84
32 0.784 1.041 2.945 0.116 0.02 0.011 4.92 12.61 2.17 85.22
33 0.724 1.013 3.02 0.111 0.013 0.003 4.88 13.09 1.53 85.38
34 0.796 1.001 3.026 0.07 0.008 0.0001 4.90 8.01 0.92 91.08
35 0.748 0.997 3.021 0.131 0.009 0.001 4.91 14.75 1.01 84.23
36 0.981 0.958 3.027 0.011 0.009 0.002 4.99 1.10 0.90 98.00
37 0.985 0.965 3.022 0.012 4.98 1.20 0.00 98.80
38 0.989 0.997 2.98 0.008 4.97 0.80 0.00 99.20
39 0.944 1.126 2.883 0.004 0.002 0.068 5.03 0.42 0.21 99.37
40 0.994 1.027 2.977 0.006 0.002 5.01 0.60 0.20 99.20
41 0.767 1.331 2.745 0.004 0.001 0.025 4.87 0.52 0.13 99.35
42 1.025 1.03 2.963 0.007 0.001 0.009 5.04 0.68 0.10 99.23
43 1.059 1.029 2.959 0.006 0.0003 0.26 5.31 0.56 0.03 99.41
44 1.075 0.974 2.997 0.004 5.05 0.37 0.00 99.63
45 1.002 1.054 2.939 0.009 0.031 5.04 0.89 0.00 99.11
46 1.008 1.051 2.939 0.006 0.036 5.04 0.59 0.00 99.41
47 0.657 1.068 2.956 0.167 0.01 4.86 20.02 1.20 78.78
48 0.852 1.011 2.973 0.144 0.009 4.99 14.33 0.90 84.78
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Ž .Table 3 continued

Number of specific ions on the basis of eight oxygens

K Al Si Na Ca Ba Total Ab% An% Or%

49 0.89 1.108 2.915 0.018 0.054 4.99 1.98 0.00 98.02
50 0.883 0.988 3.033 0.011 4.92 1.23 0.00 98.77
51 0.97 0.97 3.02 0.01 4.97 1.02 0.00 98.98
52 0.9 1.01 2.99 0.03 4.93 3.23 0.00 96.77
53 0.86 1 2.94 0.03 4.83 3.37 0.00 96.63

n.d.sNot detected.
Samples 1–25: K-feldspar secondary minerals from the Vani maganese area.
Samples 26–32: K-feldspar minerals from the volcanoclastic sandstone area.
Samples 33–53: K-feldspar minerals from the altered dacite area.

contents of up to 1000 g tonnesy1. This deposit may
be considered to be an example of epithermal gold

Ž .mineralization Spartali, 1994 .
Locally, the geological formations are intensively

silicified and form irregular large blocks coloured
red by iron oxides. Barite and sulphide mineraliza-
tion is intimately associated with the silicified zones.
At the surface, mineralization consists of bariteq
quartzqsulphides disseminated in the siliceous ma-
trix; however, at depth, it takes the form of sulphide

veins and lens-shaped bodies of barite. The mineral-
ization like the alteration of the rocks is linked with
the direction of the faults at N308 and E–W.

Two main phases of mineralization have been
identified. The first resulted in the formation of

Žsphalerite, galena, chalcopyrite, grey copper ten-
.nandite tetrahydrite , pyrite, cerussite and barite and

the second in the formation of covellite, azurite,
malachite and anglesite. This phase of mineralization
is thought to represent the remineralization of sul-

Table 4
Chemical analysis of selected elements in unaltered and altered dacites from the Vani area
All analyses in percent.

SiO Al O Fe O FeO TiO CaO MgO Na O K O H O Total2 2 3 2 3 2 2 2 2

Unaltered dacites
Vd-84-2 62.13 16.8 4.15 1.9 0.67 6.64 2.65 3.34 1.63 0.1 100.01
TR-84-7 65.2 17.01 1.87 2.96 0.61 4.45 2.81 3.18 1.87 0.07 100.03
TRN2 64.92 16.86 1.47 2.98 0.61 5.27 2.33 3.57 1.88 0.1 99.99
F-84-5 61.42 16.66 2.27 3.51 0.67 6.74 3.57 3.21 1.82 0.13 100
F-85-2 61.74 17.29 1.68 3.95 0.59 6.42 3.07 3.07 1.88 0.12 99.81
Vd-2 61.34 16.57 4.1 1.87 0.66 6.56 2.62 3.3 1.61 0.44 99.07
Average 62.79 16.87 2.59 2.86 0.64 6.01 2.84 3.28 1.78 0.16 99.82

Altered dacites
Vd-84-1 65.75 15.99 2.27 2.7 0.54 0.58 2.52 0.73 8.76 0.1 99.94
Vd-85-1 67.96 16.66 2.6 0.37 0.55 0.06 0.88 0.64 10.3 0.1 100.12
Vd-84-3 66.51 17.05 2.08 0.44 0.58 0.58 0.67 0.4 11.44 0.11 99.86
Vd-84-4 62.84 16.92 3.94 0.74 0.45 2.02 1.66 1.28 10.07 0.13 100.05
Vd-84-5 63.07 17.15 3.38 0.89 0.45 1.73 1.99 1.4 9.83 0.11 100
Vd-85-12 67.01 18.14 3.61 0.59 0.64 0.7 0.84 0.22 8.26 0.11 100.12
Vd-85-20 66.39 17.1 4.06 0.44 0.54 3.45 0.08 2.68 5.26 0.1 100.1
Vd-85-22 59.69 19.53 3.71 1.19 0.8 0.06 1.75 0.15 12.79 0.2 99.87
Average 64.90 17.32 3.21 0.92 0.57 1.15 1.30 0.94 9.59 0.12 100.01

Ž . ŽUnaltered Dacites: Samples Vd-84-2 and Vd-2 from Vani area Katsimoutis . Samples Tr-84-7 and TRN2 from North Triades south of the
. Ž .Vani area . Samples Fr84r5 and F-85-2 from Plaka for comparison .

Altered Dacites: All samples from the Vani area.
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phides and barite deposited at depth. Data on the
mineralogy and composition of this deposit have

Ž .been reported by Vavelidis and Melfos 1998 .
Ž .Christanis and Seymour 1995 have pointed to the

importance of boiling of the hydrothermal fluid from
the deep geothermal reservoir at temperatures of ca.
310 8C and depths of ca. 1000 m in the deposition of
the sulphides at Triades.

4. Hydrothermal origin of the Vani Mn deposit

Milos Island is part of the Aegean Arc which lies
at the boundary of the African and Aegean plates.
This situation has resulted in typical calc-alkaline
volcanism and a much elevated geothermal gradient.

The immense hydrothermal activity on Milos af-
fected the volcanic formations and metamorphic and
sedimentary basement. The evolution of the present
geothermal field suggests that there has long been a
convective hydrothermal system on the island and
that this system developed in two main stages. The
initial stage of submarine hydrothermal activity took
place in the western part of the island in the vicinity
of the Vani basin and resulted in the deposition of
manganese oxides, barite and sulphides. The subse-
quent phase of subaerial hydrothermal activity took
place mainly in the eastern part of the island and
continues to this day. It resulted in the formation of

Ž . Ž .clays kaolinite, bentonite , sulphates barite, alunite
and silica. Differences in mineralization can be re-
lated to the fact that the hydrothermal system in
some places in the western sector of Milos was
dominated by the liquid phase, whereas the hy-
drothermal system in the eastern sector of Milos is
dominated mainly by the vapour phase.

Oxygen and hydrogen isotopic data of present-day
geothermal fluids on Milos have shown that the fluid
from the deep geothermal reservoir is derived from
seawater and undergoes subsurface liquid-vapour

Žphase separation Liakopoulos, 1987; Liakopoulos
.and Boulegue, 1987; Pflumio et al., 1991, 1993 .

This has resulted in marked enrichments in Mn, Fe,
Pb and Zn in samples of high-salinity geothermal
fluids taken from the well-head and suggests that
phase separation in the geothermal fluids may have
been an important factor in the formation of metallo-
genic deposits on the island. Sr isotopic data deter-

mined for geothermal fluids, fresh lavas, basement
greenschists and manganese oxides indicate that the
Sr in the mineralizing fluids of both fossil and active
hydrotheral systems was derived from the same
source, namely the greenschist basement. By con-
trast, Pb isotopic data on the same samples suggest
that Pb in the present-day mineralizing fluid is de-
rived from both the basement and volcanics, but that
an additional, more radiogenic source of Pb con-
tributed to the isotopic composition of the fluids
during the period of manganese mineralization
Ž .Pflumio et al., 1991, 1993 .

In the western sector of Milos Island, volcanism
began in the Upper Pliocene with the formation of
dacitic domes and lavas. The end of the emplace-
ment of the dacites was marked by the collapse of
the magma chamber, which resulted in a huge pyro-
clastic episode and the deposition of a thick layer of
pyroclastic material below sea level. The collapse of
the magma chamber in combination with local tec-
tonic events caused extensive fracturing of the host
rock, which led to the infiltration of seawater to
depth within the system. The heat supplied during
cooling resulted in the reaction of the seawater with
the dacite to form a hot, acidic solution enriched in
various metals.

From the available evidence, we can envisage that
the deposition of the manganese oxides in the Vani
area took place in two principal phases. In the initial
phase, the hydrothermal fluid deposited the first
generation of manganese oxides, pyrolusite and
ramsdellite, in the volcaniclastic sandstone of the
Vani submarine basin. This phase was also character-
ized by the formation of barite disseminated in the
sandstone and the possible deposition of sulphides at

Ž .depth cf. Glasby, 2000; Hein et al., 2000 . In the
later phase, the arrival of a second hydrothermal
fluid in the Vani basin led to the deposition of the
second generation of manganese oxides, cryptome-
lane–hollandite–coronadite plus hydrohaeterolite,
barite and arseniosiderite. Mineralogical studies
showed that the manganese oxides developed by
replacement of the first generation of manganese
oxides, which was accompanied by the dissolution of
the barite. The existence of the second generation of
oxides suggests that the fluid responsible for its
formation must have been enriched in Ba, Pb, Zn
and As. It is believed that this enrichment was
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caused by the dissolution of sulphides deposited at
depth during the initial phase of hydrothermalism
Ž .cf. Petersen et al., 2000 .

Fig. 10 is a P–T diagram which shows the two
possible processes which led to the deposition of the
Cape Vani manganese oxides. The figures have been
constructed based on the behaviour of the present-day
geothermal system in Milos.

Fig. 10a illustrates the process occurring during
the initial mineralizing phase. It is assumed that the
hydrostatic pressure was sufficiently high that phase
separation of the fluid did not occur in the deep
geothermal reservoir. The rise of the fluid led to a
progressive decrease in the pressure and temperature,
which resulted in phase separation of the fluid in the
lower sections of the mineralized zone with the

ŽFig. 10. Consists of two temperature–pressure diagrams indicating the two phase boundary for seawater containing 3.2% NaCl taken from
. Ž .Bishoff and Rosenbauer, 1984 and for a brine containing 10% NaCl taken from Hass, 1971 . For comparison, the geothermal brine in the

y1 Ž . Ž . Ž .eastern sector of Milos has a chloride content of 1.6 mol l or 9.4% NaCl Liakopoulos, 1987 . A Illustrates the processes occurring
during the formation of the first generation of manganese oxides when the existing pressure did not permit boiling and phase separation to

Ž . Ž .take place in the deep reservoir taken from Liakopoulos, 1987 . B Illustrates the processes occurring during the formation of the second
Ž .generation of manganese oxides when boiling and phase separation occurred in the reservoir taken from Liakopoulos, 1987 .
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consequent precipitation of the sulphides. The fluid
subsequently impregated the volcaniclastic sandstone
and mixed with cold, oxygenated seawater. This led
to the deposition of the first generation of manganese
oxides and of disseminated barite within the sand-
stone.

In the later phase, tectonic uplift of the basin
permitted phase separation of the fluid to take place
in the geothermal reservoir, possibly resulting in the

Ž .precipitation of sulphides Fig. 10b . On rising to the
surface, the hydrothermal vapour mixed with seawa-
ter and reacted with the dacite leading to the kaolini-
tization and silicification of the host rock. In addi-
tion, the hydrothermal fluid further altered the dacite,
reacted with the sulphides and sulphates formed
during the initial metallogenic phase and became
enriched in Ba, Pb and Zn. As is very mobile under
acidic conditions and was probably extracted from
arseniferous minerals.

The second generation of manganese oxides re-
sulted from the interaction of this latter fluid with the
first generation of manganese oxides. The man-
ganese was derived not only from the hydrothermal
solution, but also from the dissolution of the first

Žgeneration manganese oxides pyrolusite and rams-
.dellite and was deposited in the form of cryptome-

lane–hollandite–coronadite plus hydrohetaerolite.
The second generation of manganese oxides was,
therefore, formed by the replacement of the first
generation of oxides.

5. Discussion

The preceeding sections are based mainly on a
Ž .translation of the work of Liakopoulos 1987 . We

would now like to make some additional comments
on the origin of the Vani manganese deposit.

Most interestingly, the studies reported here con-
firm the unique features of this deposit. In particular,
the Vani manganese deposit is quite different in
mineralogy and composition from most known ter-
restrial and submarine hydrothermal manganese de-

Žposits, reflecting its particular mode of origin e.g.
Crespo and Lunar, 1997; Miura and Hariya, 1997;

.Rey et al., 1997 . Of the terrestrial hydrothermal
Žmanganese deposits described by Roy 1968, 1981,

.1992, 1997 , only the hydrothermal vein deposits

rich in manganese plus the Inimi deposit from Mo-
Ž .rocco described by Force and Cannon 1988 show

any similarity to Vani manganese deposit in terms of
mineralogy and composition.

Ž .Kelepertzis and Kyriakopoulos 1991 have sug-
gested that the Lucifer manganese deposit from Baja

Ž .California Sur, Mexico Freiberg, 1983 and the San
Francisco manganese deposit from Jalisco, Mexico
Ž .Zantop, 1978, 1981 show many similarities to the
Vani manganese deposit. However, the Lucifer de-
posit is a stratiform manganese deposit in which the
manganese is interstratified with tuffaceous con-
glomerates and tuffaceous limestones. In the San
Francisco deposit, the manganese and iron oxides are
stratigraphically conformable with the tuffaceous host
rocks and were thought to have deposited from
hydrothermal solutions in a lacustrine basin. By con-
trast, the Vani manganese deposit is a hydrothermal
stratabound deposit in which the deposition of the
manganese oxides is controlled by fissure- and
pore-filling.

Ž .Bostrom and Galanopoulos 1994 have also¨
claimed similarity of the Vani manganese deposit
with the Precambrian Langban deposit of Sweden˚
based on the high contents of Mn, Fe and Ba in these

Ždeposits cf. Bostrom et al., 1979; Holtsam and¨
.Langhof, 2000 . However, the Langban deposit con-˚

tains recoverable amounts of iron and manganese
oxides within a single gallery in the mine, whereas
the Vani manganese deposit is characterized by very
low Fe contents. This difference means that these
two deposits cannot be considered exact analogues.

Ž .Bostrom and Galanopoulos 1994 have also sug-¨
gested that Vani and Langban deposits are both˚
volcanic-exhalative deposits in which much of the
Mn, Fe and Ba were mobilized from marine sedi-
ments in a subduction zone of an island arc. This
hypothesis is not in accordance with the strictly
hydrothermal origin presented here.

However, the most similar deposits to the Vani
deposit appear to be the epithermal vein deposits of
the southwestern United States and elsewhere de-

Ž .scribed by Hewett 1964, 1971 . These deposits con-
sist mainly of psilomelane, cryptomelane, hollandite,
coronadite and, less commonly, pyrolusite and rams-

Ž .dellite and have been described by Roy 1968 as
hypogene vein deposits. They are characterized by
the persistent veins of barite and fluorite and, in
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https://www.researchgate.net/publication/247862447_Trace_elements_in_volcanogenic_manganese_oxides_the_San_Francisco_manganese_deposit_Jalisco_Mexico?el=1_x_8&enrichId=rgreq-6910ae69f7bac021b3fdab15fe9ef43b-XXX&enrichSource=Y292ZXJQYWdlOzIyMzMxMTczNDtBUzoxMzQ0OTg3OTY3MDc4NDBAMTQwOTA3ODQyMDUyMg==
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many cases, occur in close proximity to explored
deposits of these minerals. There is generally a
zoned arrangement of the veins of oxides and other
minerals within the deposit. Arseniosiderite is also
an accessory mineral in many of these deposits. The
host rocks are mainly layered volcanic rocks of
Tertiary age with persistent alteration of plagioclase

Ž .in the host rock to K-feldspar adularia . These
deposits also tend to be associated with epithermal
gold and epithermal base-metal sulphide deposits.
However, these deposits are fault-controlled and oc-
cur in the form of veins which may be up to 1.5 m
thick, extend horizontally up to 500 m and can be
traced to depths of up to 150 m. Significantly, both

Ž . Ž .Hewett 1964 and Roy 1968 concluded that these
vein deposits formed in the upper reaches of the
epithermal system as a result of mixing of ascending
hydrothermal fluids with descending meteoric water

Ž .enriched in oxygen. Indeed, Roy 1968 attributed
the formation of these higher oxides of manganese to
the high concentrations of oxygen and falling tem-
peratures. Although these deposits are not exact ana-
logues of the Vani manganese deposit, they do show
sufficient similarity to suggest a similar mode of
origin.

Ž .By contrast, the Franklin New Jersey deposit is
a highly metamorphosed Precambrian deposit. Al-
though it is suggested that the hydrothermal man-
ganese may have originally precipitated as psilome-
lane, cryptomelane and hollandite, the degree of
metamorphism is such that it is not realistic to

Žcompare this deposit with the Vani deposit Frondel
.and Baum, 1974 .

Submarine hydrothermal manganese deposits, on
the other hand, tend to be characterized by high
MnrFe ratios and low contents of Ni, Cu, Zn, Co,

˚Pb and detrital silicate minerals with 10 A man-
ganate as the principal manganese-oxide mineral
ŽEckhardt et al., 1997; Glasby et al., 1997; Usui and

.Glasby, 1998; Glasby, 2000 . They are, therefore,
quite different in mineralogy and composition from
the Vani deposit. The Vani manganese deposit is
also much thicker than any known submarine hy-
drothermal manganese deposit. This reflects the fact
that it was formed by the replacement of the volcani-
clastic sandstone, which effectively trapped most of
the hydrothermal manganese in its matrix. This con-
trasts to most modern submarine hydrothermal sys-

tems where the bulk of the manganese is discharged
Ž .directly into sea water Lavelle et al., 1992 . The

greater thickness of this deposit compared to known
submarine hydrothermal manganese deposits indi-
cates either a very much longer time scale of forma-
tion or a much faster growth rate than for submarine
hydrothermal manganese deposits.

If we assume that the rate of formation of the
Vani deposit is the same as that of submarine hy-

Ždrothermal manganese deposits in excess of 5–25 m
6 y1 .10 year , Burgath and von Stackelberg, 1995 and

that the deposit has a thickness of about 4 m, then
we can calculate that this deposit would have formed
over a period of 0.2–1.0 Ma. If, however, we assume

Žthat this deposit formed within-125,000 years the
.age of the TAG hydrothermal Field, Scott, 1997 ,

this would imply a growth rate for the deposit of
)32 m 106 yeary1, which is considerably higher
that that of modern submarine hydrothermal man-
ganese deposits. However, high-temperature massive
sulphide deposition at the TAG Field only started

Žsomewhat in excess 20,000 years ago Petersen et
.al., 2000 . If the Vani deposit formed on a similar

time scale, this would imply a growth rate of about
200 m 106 yeary1, which is more than an order of
magnitude faster than for submarine hydrothermal
manganese deposits. In this regard, it is significant

Ž .that Hein et al. 1990 have identified three types of
stratabound hydrothermal manganese deposits from
the Tonga–Lau region: a spreading axis type, a

ŽTonga Ridge type and an insular type cf. Hein et al.,
.1997 . These stratabound deposits are characterized

by high MnrFe ratios and growth rates in the range
of tens of metres 106 yeary1 compared to normal
submarine hydrothermal manganese deposits which
have growth rates in the range of metres 106 yeary1.
These calculations suggest that the Vani manganese
deposit may have formed even faster than the
stratabound manganese deposits from the Tonga–Lau
region.

The environmental setting of the Vani manganese
deposit at its time of formation remains problematic.
The discovery of marine fossils in the volcaniclastic
sandstone of the Vani basin indicates that the sand-
stone was deposited in a submarine setting, but tells
us nothing about the environment in which the hy-
drothermal manganese deposit was formed. Two fac-
tors may have influenced the environmental setting
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of the Vani manganese deposit: sea level change and
Ž .tectonic uplift. According to Fytikas et al. 1989 ,

earthquakes on Milos have a tectonic rather than a
volcanic origin.

Tectonic uplift in the Vani area has been esti-
mated to have been about 250 m in the past 0.8 Ma
Ž .Papanikolaou et al., 1990 . This corresponds to an
uplift rate for the area of about 320 m 106 yeary1

Ž y1.or about 0.32 mm year , which is significantly
higher than the upliftrsubsidence rates of about 0.2
mm yeary1 previously reported for the Aegean re-

Ž .gion Le Pichon and Angelier, 1981 , but is consis-
tent with their high levels of tectonic activity on

Ž .Milos. Plimer 2000 has noted that an old cobble
beach located 50 m up a cliff above the present
cobble beach cuts the manganese-oxide layers in the
western part of the Vani manganese deposit confirm-
ing the rapid uplift of the Vani deposit since its
formation.

The Vani manganese deposit presently occurs be-
tween 35 m above sea level and an unknown depth
below sea level. Assuming that the deposit formed
within the volcaniclastic sandstone at a depth of
somewhere between 50 and 250 m below sea level
about 2 Ma, we can calculate an overall uplift rate

6 y1 Žfor the deposit of about 25–125 m 10 year or
y1.about 0.02–0.12 mm year . This is well within the

known uplift rates in the Aegean. Although this
calculation is subject to a large margin of error, it
does demonstrate that the Vani manganese deposit
could well have formed in a submarine setting.

Ž .Plimer 2000 has argued that the earth was an
icehouse at the time of formation of the Vani man-
ganese deposit. Although the sea level curves of Haq

Ž .et al. 1987 do indeed indicate a drop in sea level of
about 80 m in the period from 2.9 to 2.0 Ma, we
have no age data to support this idea.

Based on our field observations, we believe that
the volcaniclastic sandstone at Cape Vani was de-
posited in a submarine environment and subse-
quently compacted with the development of vertical

Ž .joints fissures within its structure. Hydrothermal
fluids were able to penetrate these fissures and mi-
grated along the bedding plane of the sandstone.
Hydrothermal manganese mineralization was, there-
fore, controlled by the distribution of these fissures
and the porosity of the sandstone. Based on this
model, the Vani manganese deposit is not a subma-

rine hydrothermal manganese deposit in the strict
sense of the term, but rather a stratabound hydrother-
mal deposit.

Faults are known to play a key role in hydrother-
Ž .mal mineralization Glasby, 1998 . Fytikas et al.

Ž .1989 have stressed the importance of faults on
Milos Island in active fluid transport at shallow

Ž .depths in the earth’s crust and Dando et al. 2000
have established that modern submarine hydrother-
mal venting is located along fault lines and is most
intense where faults intersect. Cape Vani lies proxi-
mal to the Vromolimni–Kondaro fault which marks

Ž .the western boundary of Milos bay Fig. 1 . We
believe that movement along this fault may have
played a key role in triggering the hydrothermal
activity which resulted in the formation of the Vani
manganese deposit. At present, intense manganese
deposition associated with the NNW–SSE-trending
fault is presently taking place on the eastern side of
Milos bay near Skinopi.

Although considered to be a hydrothermal man-
ganese deposit, the Vani deposit is unusual in com-
bining high MnrFe ratios with high contents of K,
Ba, Pb and Zn. As already suggested, this is a
consequence of a two-stage process of formation of
the manganese-oxide minerals in which a second
hydrothermal fluid enriched in Ba, Pb, Zn and As
formed as a result of the dissolution of sulphide
minerals by a saline hydrothermal fluid, which rem-
ineralized the original manganese-oxide assemblage
to produce the characteristic cryptomelane–hollan-
dite–coronadite plus hydrohetaerolite assemblage. It
is this two-stage process of formation which, more
than anything else, has contributed to the unique
features of this deposit.

An important parameter is the temperature of
deposition of the manganese oxides in the Vani

Ž .deposit. According to Liakopoulos 1987 , exhaus-
tive studies have shown that the geothermal waters
of the modern deep geothermal reservoir in the
central-eastern part of Milos have a temperature of
318 8C at a depth of 1150–1200 m, a pH of 4.5–4.7
and are in thermodynamic equilibrium with K-mica
Ž .Liakopoulos, 1987; Liakopoulos et al., 1991 . On
the basis of oxygen isotopic analysis, Liakopoulos
Ž .1987 also calculated that the temperature of deposi-
tion of the calcite veins at Kontaros was 180"35 8C
and that their formation required the mixing of the
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mineralizing fluid with seawater. Most significantly,
Ž .however, Roy 1981, 1997 has reported that cryp-

tomelane, hollandite and coronadite occur in the
uppermost, low-temperature hydrothermal man-
ganese veins of hypogene manganese deposits and in

Ž .hot spring apron deposits cf. Hewett, 1964 . Al-
though no temperature data are available for the
formation of the Cape Vani manganese oxides, it
would, therefore, appear probable that these deposits
were formed as late-stage, low-temperature deposits.
For comparison, submarine hydrothermal manganese

Ždeposits typically form in the range 5–258C Burgath
.and von Stackelberg, 1995 .

Despite these findings, several open questions
remain regarding the origin of the Vani manganese
deposit.

Ž . Ž .i In his thesis, Liakopoulos 1987 described the
setting of the Vani manganese deposit as a subma-
rine caldera. This description is based on the earlier

Ž .conclusion of Hauck 1984 that certain types of
mineralization on Milos, such as barite and sulphide
formation, were the result of Kuroko-type ore depo-
sition. However, there is no geological or geophysi-
cal evidence for caldera formation in the Vani region
at present. We have, therefore, chosen to describe
this area as the Vani volcano-sedimentary basin.

Ž .ii It is still not fully resolved whether the Vani
manganese deposit is a submarine hydrothermal de-

Ž .posit or not. Hauck 1984 considered that man-
ganese mineralization at Vani took place in a NW-
oriented, slightly sloping marine basin, which had
been filled by a 50-m-thick layer of material consist-
ing mostly of coarse blocks of pumice, which also
contained marine mussels encrusted in manganese

Ž .oxides. Hauck 1984 also determined the sulphur
isotopic ratio of barite from Vani and obtained a
mean value ofd 34S of q21‰, which is similar to

Ž .that of modern seawaterq20‰ , indicating that
seawater dominated the hydrothermal fluid from

Ž .which the barite was formed. Hein et al. 2000 also
concluded that the dominant mineralizing fluid was
derived from seawater on the basis of REE contents
and Sr and S isotopic ratios of the manganese de-
posit and associated barite.

Ž . Ž .iii According to Mendrinos 1988 , the Milos
geothermal field is characterized by the existence of
two different flow systems separated by a caprock of
low permeability. The deeper flow system consists of

a high-salinity fluid which flows in from the sea,
becomes further enriched in chloride through phase
separation and steam loss, rises adiabatically and
vents on the seafloor. The chloride content of this
fluid is, on average, 45‰ compared to 21‰ for
normal seawater. Submarine geothermal systems off
Milos are all derived from this deep geothermal
reservoir. This type of system could be the source of
the geothermal fluids that formed the Vani man-
ganese deposit.

The date of emplacement of the host volcaniclas-
tic sandstones as well as the relative ages of the two
generations of the Vani manganese deposit remain
unknown. These questions are particularly important
to understanding the mode of manganese mineraliza-
tion. The tectonic setting and the extent of hydrother-
mal alteration of the host rocks at Cape Vani also
remain poorly known.

Ž .iv In spite of these uncertainties, we consider
that Vani manganese deposit most probably formed
in a shallow, submarine setting in which a thick layer
of pyroclastic material had been deposited and lithi-
fied to produce a porous volcaniclastic sandstone.
Hydrothermal fluids enriched in Mn, Ba, Pb, Zn
from leaching the schist basement and dacitic host
rocks penetrated the sandstone horizons via fractures
and fissures. The permeable nature of the sandstone
facilitated the retention of the hydrothermal fluids in
these layers. This permitted the fluids to cool slowly
and deposit the manganese oxides almost quantita-
tively. Formation of the hydrothermal manganese
deposit took place fairly rapidly over a period of
several tens of thousands of years at most. Strong
tectonic activity resulted in rapid uplift of the area
which elevated the deposit above sea level.

6. Conclusions

From our study, a number of conclusions concern-
ing the origin of the Vani manganese deposit have
emerged.

Ž .1 The Vani manganese deposit is a stratabound
hydrothermal manganese deposit formed within
porous volcaniclastic sandstone during the Upper
Pleistocene. Deposition of the manganese oxides was
controlled by the distribution of fissures within the
sandstone and the porosity of the sandstone.
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Ž .2 The deposit was formed in a shallow marine
environment. However, it differs significantly from
normal submarine hydrothermal manganese deposits
in both mineralogy and composition. It is also char-
acterized by much higher growth rates than subma-
rine hydrothermal manganese deposits as a result of
the almost quantitative deposition of the manganese
oxides within the matrix of the volcaniclastic sand-
stone.

Ž .3 The deposit is believed to have formed in two
main stages. The first generation of manganese ox-

Ž .ides pyrolusite and ramsdellite is considered to be a
late stage, low-temperature mineral deposit trapped
in a porous medium. The second generation of man-

Žganese oxides cryptomelane–hollandite–coronadite
.plus hydrohaeterolite formed as a result of the alter-

ation of the first generation of manganese oxides
during a later phase of hydrothermal activity in
which the hydrothermal fluids were enriched in K,
Ba, Pb, Zn and As.

Ž .4 The only close analogue of the Vani man-
ganese deposit appears to be the epithermal vein
deposits of the southwestern United States. These are
similar in mineralogy and composition to the Vani
deposit, but are epithermal vein deposits, whereas
the Vani deposit is a stratabound hydrothermal de-
posit. They cannot, therefore, be considered exact
analogues. The Vani manganese deposit, therefore,
appears to be unique.

Ž .5 Strong tectonic activity resulted in rapid uplift
of the area which elevated the deposit above sea
level. Movement along the Vromolimni–Kondaro
fault may have played a key role in triggering the
hydrothermal activity which resulted in the forma-
tion of the Vani manganese deposit.
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