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Abstract The Profitis Ilias gold deposit, located on the
western part of Milos Island, Greece, is the first epi-
thermal gold deposit discovered in the Pliocene—Pleisto-
cene Aegean volcanic arc. Estimated ore reserves are
5 million tonnes grading 4.4 g/tonne Au and 43 g/tonne
Ag. The deposit is closely associated with a horst and
graben structure, and occurs in a series of steep inter-
connected crustiform-banded quartz veins up to 3 m
wide, extending to depths of at least 300 m. The miner-
alisation occurs in three stages and is hosted by 3.5—
2.5 Ma old silicified and sericitised rhyolitic lapilli-tuffs
and ignimbrites. It consists of pyrite, galena, chalcopy-
rite, electrum and native gold. Additionally, adularia
occurs with quartz mainly in veins. Homogenisation
temperatures of primary liquid-rich inclusions vary from
145 to 399 °C for the ore stage, and 112 to 263 °C for the
post-ore stage. Salinities range between 0.1 and
11.4 wt% NaCl equiv. and 0.93 to 8.5 wt% NaCl equiv.
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for the ore stage and the post-ore stage, respectively.
Rare vapour-rich inclusions in ore stage quartz homog-
enise between 368 and 399 °C and estimates of eutectic
melting (—25 to —38 °C) indicate the presence of Ca and
Mg in the ore fluids. Sample elevation versus fluid in-
clusion Ty—salinity relationships show (1) a high-salinity
trend, where moderate-temperature (300-250 °C) and
moderate-salinity brines (~3 wt% NaCl equiv.) trend to
high-salinity (up to 15 wt% NaCl equiv.) fluids with
lower (~25-50 °C) homogenisation temperatures, and
(2) a high-T}, trend where moderate-salinity and moder-
ate-temperature brines (200-250 °C; 3 wt% NaCl
equiv.) develop into low-salinity (<1 wt% NaCl equiv.),
high-temperature (> 350 °C) fluids. These trends are best
explained by extreme boiling and vapourisation phe-
nomena between 200 and 250 °C. The 430-450 m asl
(metres above sea level) level marks the transition be-
tween a lower liquid-dominated segment of the system
where only the steep high-salinity trend is seen, and an
upper vapour-dominated segment where the high-Ty,
trend or a combination of both are seen. There is a close
spatial association between mineable gold grades and the
upper segment of the system. Depth-to-boiling curves
suggest that the paleo-surface was ~200 m above the
present summit of Profitis Ilias. Comparison of the
mineralisation and fluid geochemistry at Profitis Ilias
with that of the nearby modern geothermal system in-
dicates that the processes of metal mineralisation have
probably been continuous since the Late Pliocene.

Introduction

The purpose of this work is to present the first published
geological, mineralogical and fluid inclusion data of a
productive gold-bearing epithermal system in the Plio-
cene—Quaternary south Aegean active volcanic arc
(SAAVA). We have attempted to decipher the mecha-
nisms of gold deposition and to address the fluid sour-
ce(s) by comparing the ancient geothermal system with a
nearby modern equivalent.



The Aegean region is characterised by active crustal
deformation, subduction, high volcanic activity and high
heat flow (Fytikas et al. 1984; Jackson and McKenzie
1988; Papazachos and Kiratzi 1996). Volcanic activity,
associated with orogenesis, has been nearly continuous
since the Oligocene, and is represented by two main belts
clearly separated in space and time (Fytikas et al. 1976,
1984):

1. The Oligocene—Miocene north Aegean volcanic belt
consists of Lower Oligocene—Middle Miocene calc-
alkaline, high-K and shoshonitic volcanics. These
have been related to Tertiary subduction of the Ae-
gean microplate (?) under the Rhodope Massif. This
volcanic activity progressively migrated southwards
and ceased in Middle Miocene (Fytikas et al. 1984).

2. The SAAVA is characterised by Pliocene—Pleistocene
island arc calc-alkaline volcanic rocks ranging from
basalts to rhyolites, with predominantly andesites and
dacites. The arc results from north-eastward subduc-
tion of Mediterranean sea floor (part of the African
plate) below the Aegean microplate (McKenzie 1970;
Papazachos and Comninakis 1971; Le Pichon and
Angelier 1979. Dewey and Sengor 1979). Moreover, it
may be considered to be an active analogue of the
subduction-related magmatic arcs that were operating
in the Carpatho—Balkan region during Late Creta-
ceous to Pliocene. To date, information concerning
mineralisation in the SAAVA is restricted to confi-
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dential and unpublished data (Alfieris 1993; Murray
and Petrakis 1993; Spartali 1994).

The Profitis Ilias gold deposit, located on Milos Island
is located 10 km WSW from an active geothermal system
(Fig. 1). The modern geothermal system is two-phase and
high-enthalpy (> 1700 kJ/kg; 310-320 °C), and the res-
ervoir is located ~1200 m below the present-day surface.
This close spatial relationship with an active geothermal
system makes Profitis Ilias unique among epithermal
deposits in the Carpatho-Balkan and Aegean regions.

Geology and mineralisation of Milos Island

The geology, geochronology, geothermal activity and
structure of Milos Island are described in detail by
Fytikas (1977), Fytikas et al. (1976, 1984, 1986, 1989),
Briqueu et al. (1986), Fytikas (1989), Papanikolaou
et al. (1990), Liakopoulos et al. (1991) and Tsokas
(1996), and only a summary is given here. The rocks,
which make up the island, can be divided into four main
lithological units (Fig. 1).

1. The oldest rocks on the island consist of Alpine
metasedimentary rocks. They include micaschists,

Fig. 1 Geological map of Milos Island, showing the location of
Profitis Ilias and the Mn-Ba, Pb-Zn-Ag mineralisations at Cape
Vani, and Triades-Galana (modified after Fytikas 1977)
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calcareous schists with intercalated lavas and calcar-
eous rocks, chloritic schists, and quartzites, which
were metamorphosed to blueschist (64.2 + 6.5 Ma)
and greenschist facies (35.2 £ 1.0 Ma).

2. Unconformably overlying the metamorphic basement
is a sequence of Upper Miocene-Lower Pliocene
transgressive marine sediments consisting mainly of
limestones, marls and conglomerates. These rocks
form the platform sediments on which the volcanic
island is built. It is important to note that there are no
known evaporite sequences within the marine sedi-
ments.

3. Volcanism, on the western part of Milos, commenced
3.5 Ma. The oldest volcanic rocks comprise felsic
pumice flows, tuffs, ignimbrites and tuffites, which
make up the Basal Pyroclastic Series (3.5-2.5 Ma).
This lower sequence is overlain by dome complexes
and lava flows (2.5-2.0 Ma), which are accompanied
by andesitic to dacitic pyroclastic material.

4. The eastern and central parts of the island are made
up of a younger volcanic suite (the Pyroclastic Series),
consisting of rhyolitic complexes (1.9-0.1 Ma) com-
prising lahars and tuffs accompanied by rhyolitic to
rhyodacitic domes and flows.

In the west, the structure of Milos is dominated by
NEE-SWW and E-W trending faults, whilst in the east
the most significant fault trend is N—S. The central part
of the island (Milos Bay) is controlled by NW-SE
trending faults, and constitutes a graben structure,
bounded by horsts to the east and west. Metalliferous
mineralisation occurs mainly in western Milos, where it
is controlled by E-W trending horst structures. At
Profitis Ilias, the older Basal Pyroclastic Series hosts the
gold mineralisation (Fig. 1).

Although the last recorded volcanism was
~100,000 years ago, Milos is still an active geothermal
field. Present-day activity is concentrated in the central
and eastern portions of the island, expressed by fuma-
roles, hot springs, hot ground, and submarine gas es-
capes, which occur in the E-SE part of the island (Fig. 1).
In 1982-1983, the Public Power Corporation of Greece
operated an experimental geothermal power plant in the
eastern part of the island (Zephyria; Fig. 1).

Milos Island hosts a significant number of actively
exploited industrial mineral deposits, which were formed
in an environment of high heat-flow and geothermal
activity (Hauck 1983; Ericsson et al. 1992; Christidis
et al. 1995; Christidis and Scott 1997). In addition to
industrial minerals, Milos also produced silver and lead
at Triades-Galana, and manganese at Cape Vani
(Fig. 1). At Cape Vani, mineralisation occurs in strati-
form and vein types (Liatsikas 1955; Liakopoulos 1987).
The stratiform mineralisation comprises mainly primary,
and secondary Mn-oxides. Vein-type mineralisation
consists of quartz, barite, Mn-calcite, quartz, various
sulphides and barite (Liakopoulos 1987). Its genesis is
the result of diagenetic replacement and submarine pre-
cipitation from brines mixed with seawater (Liakopoulos

1987; Galanopoulos and Koinakis 1991). Mineralisation
at Triades-Galana comprises Pb—Zn—Ag sulphide and
Ag-bearing barite ores. They are structurally controlled
and associated with zones of silicification and argillisa-
tion. Mineralisation occurs as (1) interstitial material to
silicified and hydrothermally brecciated tuffs, (2) sul-
phide fracture-fillings, and (3) argentiferous barite veins
and impregnations (Voreadis and Mourabas 1935). Field
evidence suggests these ores are epithermal in origin.

The Profitis Ilias deposit is one of several gold-bear-
ing epithermal quartz veins in the area, which include
the Koumaria and Chondro Vouno (Amethyst) pros-
pects to the N and NW (Fig. 1). The first discovery of
gold in this area was in 1987 by Ian Plimer and John
Nethery in a joint venture with Niugini Mining (J.
Nethery, personal communication). In 1993 Kostas Sa-
lonikos (Silver and Barite Co.) first sampled the main
Profitis Ilias veins and a year later a joint venture drilling
programme was commenced by Silver and Barite, Niu-
gini Mining and Renison Gold Corporation (Midas
S.A.). Estimated reserves at Profitis Ilias are 5 million
tonnes of ore, grading at 4.4 g/tonne gold and 43 ppm
silver. Recently, RoyalGold Inc. discovered new gold
reserves at the Chondro Vouno prospect. These amount
to 2.2 Mt grading 5.14 g/tonne Au (cut-off grade 2.5 g/
tonne) or 3.3 Mt grading 4.2 g/tonne (cut-off grade 2 g/
tonne) (RoyalGold news release; www.royalgold.com/
news/990615.htm).

Materials and methods
Sampling

A total of 127 samples were collected from surface exposures (27
samples) and drill core (100 samples) for mineralogical, mineral
chemistry, and fluid inclusion studies.

Electron microprobe and X-ray diffraction analyses

Electron microprobe analysis of gold was undertaken using a JEOL
superprobe 733 electron microprobe analyser with a Tracor Energy
Dispersive Spectrometer operated at 20 kV with a 3-nA beam
current and 20-s counting time. Mineral standards were used and
ZAF corrections were carried out on-line. X-ray diffraction ana-
lyses of alteration and oxidation minerals were performed using an
automatic Siemens D500 X-ray diffractometer. Qualitative deter-
mination was done with SIEMENS software Diffrac AT 3 using the
JCPDS database.

Microthermometry

Fluid inclusion data were obtained on drill-core and surface sam-
ples. In total, 23 samples were selected for fluid inclusion mic-
rothermometry. These included typical examples of the pre-ore, ore
and post-ore mineralisation. For fluid inclusion microthermometry,
samples were prepared as free-standing, 100- to 200-pum-thick
doubly polished wafers. Analyses were carried out using a Linkam
TMSG600 heating—{reezing stage calibrated with natural carbon-
dioxide-bearing fluid inclusions of known composition and com-
mercially available chemical standards. Estimated analytical error
is £0.2 °C for low (<50 °C) and £2 °C for higher (>75 °C)



temperatures. Elevation data and metal concentrations (Au, Ag, Pb
and Zn) were provided by Midas S.A. (Table 1).

Bulk analysis of fluid inclusion volatiles

A selected number of samples (nine) (Table 1) were prepared and
analysed for bulk volatiles (H,O and CO,). Crushed vein quartz
was sieved, washed and ultrasonically cleaned. The samples were
then sequentially cleaned in hot (90 °C) HCI and de-ionised water.
They were then handpicked, producing a quartz concentrate
(~500 mg) free of mineral impurities, and ultrasonically cleaned
using dimethylchloride. Inclusion volatiles were released by decre-
pitation under high-vacuum and analysed manometrically and by
quadropole mass-spectrometry (Shepherd et al. 1991).

The main objective of this exercise was to provide estimates of
the carbon dioxide content of the fluid inclusions. This data can
then be used to correct salinity estimates made from last ice-melting
temperatures (Hedenquist and Henley 1985). In addition, it also
provides an important parameter for calculating depth to boiling
relationships in epithermal systems (Bodnar et al. 1985; Hedenquist
and Henley 1985).

Results
The Profitis Ilias deposit

Host rocks to the Profitis Ilias mineralisation are rhyo-
litic lapilli tuffs and ignimbrites. Field observations
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suggest the host pyroclastics are in structural contact
with a flow banded rhyolite cryptodome (Fig. 2). Min-
eralisation (electrum, native gold, minor sphalerite, ga-
lena, chalcopyrite and pyrite) is developed in a series of
veins closely associated with a horst and graben struc-
ture. The deposit comprises a series of interconnected
steeply dipping (45-80°) to vertical N-S- to NE-SW-
trending quartz veins and vein sets. These occupy an
arcuate fault network in the western part of the Profitis
Ilias horst (Fig. 2). Vein widths are up to 3 m across and
extend to depths of at least 300 m below the present-day
surface.

The veins are contained within a fault-bounded horst
block and although there is post-mineralisation faulting
(Fig. 2), this is mainly confined to its margins. The
central portions of the block, where most of the samples
were taken, have remained stable and the vein sets are
still in their original relative positions. Thus, direct
comparison between samples collected from different
elevations are valid, as the present-day relative positions
and those during mineralisation are similar. In addition,
the observed regularities in data distribution (see Figs. 7
and 8) witness against any substantial post-mineralisa-
tion tectonic disturbance of the vein system.

A systematic investigation of alteration patterns is
outside the scope of the present study. However, alter-

Table 1 Summary of fluid inclusion data with corresponding assay and depth information

Surface/ Sample Elevation Elevation and geochemical data  Salinity (wt% NaCl equiv.)  Th (°C) Gas data
drill no. (m asl) mol%
hole no. Au Ag Host n Med. Min. Max. n Med. Min. Max. CO,
(ppm) (ppm) mineral
Surface MI-9* 645 - - Quartz 2 41 20 6.1 2 291 246 335 0.62
MI-4 645 — - Barite 5 4.7 4.2 5.8 19 192 112 330
MI-21* 645 - - Quartz 9 59 25 10.2 10 245 145 368
PD5 2151 642 6.3 197 Barite 6 73 3.0 8.5 6 153 150 178
Quartz 7 34 33 5.5 10 276 178 355
PDI10 G2374A 552 2.3 10 Quartz 7 82 55 9.2 7 207 202 230
G2424 421 6.3 17 Quartz 26 6.8 0.0 13.7 26 237 215 253 0.25
G2416 429 4.2 50 Quartz 19 113 47 15.5 21 229 206 311 0.43
G2395 507 3.5 9 Quartz 20 69 25 12.2 21 220 205 235 0.21
G2374 552 2.3 10 Quartz 7 44 34 5.6 7 210 190 234 0.70
PD9 G2283 365 3.6 88 Quartz 6 41 31 6.2 8 240 219 251
G2268 403 10.2 11 Quartz 7 74 44 9.2 8 212 208 231 0.30
G2267* 405 8.5 3 Quartz 4 71 65 7.8 6 232 223 249
G2255* 457 4.8 15 Quartz 11 38 3.1 4.7 11 209 190 219
G2245* 499 18.0 13 Quartz 3 42 33 4.9 3213 205 215
G2235% 529 1.2 11 Quartz 11 34 05 5.6 11 300 230 389 0.50
PD8 G2185 657 7.2 20 Barite 2 65 6.1 6.8 2 155 150 160
Quartz 12 64 15 8.2 12 212 150 399
PD4 G1873* 516 12.9 17 Quartz 3 55 49 7.0 6 228 187 273
G1871 520 1.6 13 Quartz 12 50 038 6.7 14 216 190 398
G1833 578 3.8 5 Quartz 29 80 1.0 15.0 29 220 170 400
GI1810* 612 15.1 265 Quartz 1 45 45 4.5 2 223 161 284 0.43
PD2 Gl1746* 621 56.5 62 Quartz 8 53 50 5.5 8 230 213 243 0.45
G1745* 622 17.1 31 Quartz 2 28 1.7 3.9 3 213 205 232
PDI12 398-5 208 0.1 <2 Quartz 11 5.9 4.1 12.3 11 249 233 269
321-6 270 1.1 31 Quartz 28 8.1 44 13.7 30 260 237 289
Sphal. - - - - 2 290 285 295
380-0 380 - - Quartz IS5 92 65 13.9 15 250 237 280
325-0 325 7.9 - Quartz 6 9 7 11 6 257 230 292
Total 279 6.7 0.0 155 316 112 400 231

#Samples where native gold was observed in the fluid inclusion water
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J y #0  ation minerals were identified in drill core and surface
7l samples adjacent to the veins. Silica occurs as mosaic-
_ w0 textured microcrystalline quartz, cryptocrystalline chal-
| cedonic quartz, and rarely opal. Adularia is seen with
AT quartz in open space fillings, veins and veinlets (Fig. 3A),
5 s 1' as colloform-banded aggregates with chalcedonic
P i D | quartz, or as fine-grained mosaic-textured aggregates
~ o o | with microcrystalline quartz. Adularia also occurs dis-
& %  seminated in the host rocks adjacent to the veins. Clay
il minerals (kaolinite, illite, with lesser montmorillonite)
“ | occur as fine-grained clusters and matted aggregates
' within a siliceous matrix. Sericite was seen as fine-
grained aggregates and rare veinlets in microcrystalline
=== quartz. In addition, coarser muscovite and accessory
I | pyrite also occur with sericite. Rare alunite and chlorite
occur with the clay minerals. Alunite was only found in

- ﬁ%@? M| surface samples and is probably supergene in origin.
l Pyrite forms micron-sized equant crystals disseminated

&
o

| VEIN
= VEIN SET
= Strike & dip Fig. 3 A Veinlet of sub-rhombic adularia crystals in hydrothermally
% Drillhole altered wallrock, adjacent to vein margin — ore-stage (transmitted
;"¢ Fault light, crossed polars). B Development of variable grain-size quartz;
: L8 note coarse-grained quartz projecting into vugs — ore-stage (transmit-
£ b | — ted light, crossed polars). C Hand specimen of typical ‘banded’ quartz.
o D Photomicrograph under crossed polars of a cross section through a
euhedral coarse-grained quartz crystal showing growth zones defined
by dark bands of primary fluid inclusions. Also shown is an example
of a two-phase fluid inclusion within a clear part of the quartz crystal
(ore stage)
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through the silicic matrix, and larger grains and aggre-
gates up to ~0.6 mm in size.

Mineralogy — mineral chemistry and paragenesis

Through microstructural evidence, paragenetic rela-
tionships of the vein mineralisation can be represented
by a sequence consisting of hypogene pre-ore, ore, post-
ore and supergene oxidation stages (Fig. 4).

The earliest phase of mineralisation, which predates
gold mineralisation, consists of barren microcrystalline
quartz and pyrite. The main ore stage is characterised by
deposition of coarse- and fine-grained quartz (Fig. 3B),
adularia, sulphides and precious metals. Gold-bearing
quartz veins are commonly composite and crustiform-
banded. Crustification growth banding consists of mar-
ginal fine-grained quartz to fine-grained chalcedony,
with coarse-grained comb-quartz occupying the central
portion of the vein (Fig. 3C). In order of decreasing
abundance, the main sulphide phases comprise sphale-
rite, pyrite, galena, chalcopyrite, bornite, marcasite,
tetrahedrite and Sb—-Ag—Cu sulphosalts. Post-ore min-
eralisation comprises barite intergrown with fine-grained
quartz and more rarely with galena, sphalerite, pyrite
and chalcopyrite. Lastly, the supergene mineralisation
consists of native gold, electrum, silver halides, copper
sulphides and carbonates, iron oxides, lepidocrocite,

Pre-ore stage | Ore stage Post-ore Oxidation
stage stage
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Pyrite

Sphalerite

Chalcopyrite
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Bornite
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Digenite

Fe-, Cu-
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Cu-Pb-Zn
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Mn-oxides

Fig. 4 Generalised paragenetic scheme for the Profitis Ilias minerali-
sation. Line width indicates abundance
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tenorite, cerussite, Pb and Zn carbonates, Fe—Al hy-
droxides, alunite and Mn-oxides.

Sphalerite occurs as either subhedral coarse grains in
ore-stage assemblages or as anhedral to subhedral fine-
grained crystals included in post-ore barite. Three
characteristic textural forms of pyrite are recognised.
The earliest generation occurs as fine-grained cubic
crystals disseminated in pre-ore microcrystalline quartz.
The second is present as coarser-grained subhedral to
anhedral grains associated with other ore-stage minerals.
It is characteristically zoned with chalcopyrite blebs
defining individual growth zones. The latest pyrite is
intergrown with barite in the post-ore assemblages.
Galena occurs as coarse-grained patches in the main ore-
stage, whilst a later type is included in post-ore barite. In
addition, fine-grained galena forming thin rims around
early coarse-grained sphalerite was observed. Here it is
intergrown with secondary copper sulphides and is
believed to be of supergene origin (Ramdohr 1980).
Chalcopyrite occurs disseminated in the main ore-stage
quartz or along growth zones in pyrite, and as inclusions
in barite.

In total, native gold was observed in 16 samples. All
of these were located at clevations >430 m asl (Ta-
ble 1). Gold was not observed in any polished sections
collected below this elevation. It is typically very fine
grained (0.5-30 um) and occurs in three distinct chemi-
cal and mineralogical associations (Constantinidou
et al. 1998).

1. Isolated electrum grains with silver-enriched rims
(fineness 610—728). These occupy interstices between,
or are included in ore-stage fine-grained quartz
(fineness = 1000 x [wt% Au/(wt% Au + wt% Ag)];
Morrison et al. 1991).

2. Electrum grains with silver-depleted rims (fineness
656-1000), which are included in goethite, covellite,
or are in contact with clay minerals, in the oxidation
stage.

3. Pure native gold grains (fineness ~1000), associated
with iron and copper oxides and supergene silver
halides (iodyrite and cerargyrite) of the oxidation
stage.

Bulk volatile analysis

Carbon dioxide contents, for the nine samples analysed,
are generally low. They vary from 0.21 to 0.70 mol%
carbon dioxide (Table 1), with a median value of
0.43 mol% CO..

Fluid inclusion microthermometry

Two main types of liquid—vapour inclusions were iden-
tified. Type I inclusions are liquid-rich (<25% vapour),
whereas type II inclusions are vapour-rich (> 50% va-
pour). Both occur in quartz, sphalerite and barite.
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However, inclusions, suitable for microthermometry, do
not occur in pre-ore quartz. Quartz and sphalerite con-
tain predominantly liquid-rich primary inclusions, and
in any one sample, these comprise >99% of the fluid
inclusion population. Barite, compared with quartz and
sphalerite, contains relatively more vapour-rich inclu-
sions (20%).

Fine-grained quartz contains elongate, rectangular or
ovoid (sub-rounded) inclusions, which occur either iso-
lated or in sparse clusters. Coarse-grained quartz con-
tains mainly irregularly (stringy) shaped inclusions (up to
25 pm in length) occurring along or oriented perpendic-
ular to, crystal growth surfaces (Fig. 3D). Barite contains
larger elliptical to sub-rounded liquid-rich inclusions,
locally co-existing, in a random three-dimensional
distribution, with oval-shaped vapour-rich inclusions.
Intragranular micro-fractures containing all vapour-rich
inclusions (up to 50 pm long) exist exclusively in barite.
Sphalerite contains a few liquid-rich inclusions with
negative crystal shapes with random distributions (15—
20 pm long).

The fluid inclusions selected for microthermometric
analysis were primary in origin and did not show any
evidence of necking (cf. Roedder 1984).

Accurate first melting temperatures (Tg,) were diffi-
cult to determine and were only recorded in ~15% of
inclusions (Fig. 5A). The Ty, data range from -25 to
—-38 °C (Fig. 5A), indicating that, in some inclusions,
there is a divalent (Ca, Mg) component to the brine
(Sterner et al. 1988). Final ice melting (T;) was re-
corded in 266 inclusions in ore-stage quartz and ranged
from —11.5 to 0.0 °C (median: —4.2 °C), corresponding
to salinities between 0.0 and 15.5 wt% NaCl equiv.
(median: 6.7 wt% NaCl equiv. — salinities estimated
using Bodnar 1993). In terms of ore-stage quartz type,
inclusion salinity varied from 0.5 to 9.2 wt% NaCl

equiv. in fine-grained quartz (median: 5.0 wt% NaCl
equiv.; n = 55) and from 0.0 to 15.5 wt% NaCl equiv. in
coarse-grained quartz (median: 5.8 wt% NaCl equiv.;
n = 211). The distribution of salinity data indicates that
there is little statistical difference between the different
quartz types (Fig. 5B).

Ice melting was measured in a limited number of in-
clusions hosted in post-ore barite. Here, ice melting
ranges from —5.5 to —1.8 °C (median: 3.6 °C; n = 13).
This corresponds to salinity variations between 3.0 and
8.5 wt% NaCl equiv. and is within that shown by ore-
stage quartz.

Primary, ore-stage quartz, liquid-rich inclusions ex-
hibiting bubble point homogenisation (L+V — L), did
so at temperatures varying from 145 to 400 °C (median:
232 °C; n = 287). In terms of quartz type, inclusions in
fine-grained ore-stage quartz homogenised from 190 to
400 °C (median 231 °C; n = 62), whilst in the coarse-
grained quartz T}, ranged from 145 to 399 °C (median
232 °C; n = 221). The distributions of these data are il-
lustrated in Fig. 5C, which shows little statistical dif-
ference between the various host quartz types. Dew
point homogenisation (L+V — V) was rare in occur-
rence and occurred between 368 and 399 °C (medi-
an = 395; n = 4).

Limited homogenisation data were also obtained for
sphalerite and post-ore barite. Bubble point homogeni-
sation in sphalerite occurred from 290 to 295 °C (n = 2).
More determinations were made in barite and, again,
inclusions exhibited bubble point homogenisation, but

Fig. 5 Histograms showing the distribution of A first-melting
temperatures, B salinity and C homogenisation temperatures (°C).
Data are discriminated according to quartz type. Note the homog-
enisation temperature histogram includes data for dew point
homogenisation (four values at 368, 393, 397 and 398 °C)
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at lower temperatures (112-330 °C, median: 178,
n =27). However, fluid inclusions in barite are ex-
tremely susceptible to stretching during heating runs and
the high homogenisation temperatures in barite must be
treated with caution.

Salinity versus temperature trends

Salinity versus temperature data from Profitis Ilias are
presented in Fig. 6 with individual points differentiated
according to the morphological type of host quartz (fine
or coarse grained). The data show that overall inclusion
homogenisation temperature and salinity are indepen-
dent of quartz type. They also show a fair degree of
scatter, and individual trends are not easily discernible.
However, close examination suggests that most of the
data fall within a broad band with moderate variation of
homogenisation temperature (200-275 °C) with strongly
varying salinity (1-16 wt% NaCl equiv.). In addition
to this broad trend, there is a more diffuse trend of
decreasing salinity (3-0.5 wt% NaCl equiv.) with in-
creasing homogenisation temperature (225400 °C).
Although careful examination of Fig. 6 reveals two
trends, it would be difficult to attribute these to pro-
cesses such as boiling or mixing. Moreover, it could be
argued that the diffuse trend of decreasing salinity with
increasing homogenisation temperature results from the
necking down of inclusions.

However, by splitting the data on an elevation basis,
clear and distinct trends and data distributions become
evident.

ore stage (coarse grained quartz)
| ore stage (fine grained quartz)
N i
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Salinity (wt % NaCl eq.)
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Fig. 6 Homogenisation temperature and wt% NaCl equivalent data
for ore-stage quartz hosted fluid inclusions, with data distinguished by
quartz type (see text for discussion)
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1. A high-salinity trend, where vertical to sub-vertical
trends of rapidly increasing salinity (3—15 wt% NaCl
equiv.) are associated with a gradual decrease (250—
200 °C) in homogenisation temperature. This can be
seen at elevations of 200-250, 250-300, 350-400, 400—
450 and 500-550 m (Fig. 7A, B, D, E, G).

2. A high-T), trend, where a diffuse trend of decreasing
salinity with increasing homogenisation temperature
is now strongly developed. This type of distribution
occurs at elevations of 450-500 and 600-650 m
(Fig. 7F, I), and is also present at elevations of 500—
550 and 550-600 m (Fig. 7G, H). Previously, it was
alluded that this high-T}, trend could be the result of
necking down of fluid inclusions. However, the in-
clusion selection criteria were identical for each
sample. Thus, if necking is the cause then the trend
should be present at all elevations. This is clearly not
the case. It is only present in samples collected
>450 m asl. Therefore, the trend must be explained
in terms of paleofluid evolution and/or trapping
processes.

3. In addition to the above, elevation also exerts a
control on trend-type. Below 450 m asl only the steep
high-salinity trend is seen. Whereas above this ele-
vation either the high-T; trend (Fig. 7F, I) or a
combination of high-salinity and high-T};, trends are
seen (Fig. 7G, H).

T}, versus elevation relationships

Another common method for displaying fluid inclusion
data from epithermal environments is to plot homoge-
nisation temperature against elevation. Figure 8 shows
how homogenisation temperatures vary with elevation
at Profitis Ilias.

In addition to the homogenisation temperature—ele-
vation data, a depth to boiling curve was calculated
according to the methodology of Hedenquist and Hen-
ley (1985), taking into account the typographical error in
Eq. (13), p. 1391. Also, as the fluids at Profitis Ilias are
reasonably saline it is necessary to compensate for the
effect of dissolved salts on the solubility of CO,. Kj,
values for a 5 wt% NaCl solution with a dissolved CO,
content of 0.5 mol% were obtained from Ellis and
Golding (1963). Also, conversion of pressure to depth
assumes a hydrostatic gradient. The concentration of
CO, was estimated from gas analysis data (Table 1) and
5 wt% NacCl corresponds reasonably closely to the me-
dian salinity of the Profitis Ilias fluids.

In extinct geothermal systems, to enable ‘depth to
boiling’ curves to be plotted on an elevation-T), graph,
it is necessary to constrain the relative position of the
paleo-surface to present-day elevations. This has been
undertaken for three scenarios. The first assumes that
paleo-surface was at the same elevation as the present-
day surface (+0 m curve; Fig. 8). The second infers
that the paleo-surface was 100 m above the summit of
Profitis Ilias (+100 m curve; Fig. 8). Whilst the third
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Fig. 7A-1 Homogenisation temperature and wt% NaCl equivalent
data for ore-stage quartz-hosted fluid inclusions, with data distin-
guished by sample elevation (see text for discussion)

presumes that net uplift and erosion have resulted in
the present-day surface being 200 m below the paleo-
surface (+200 m curve; Fig. 8). Unlike the histograms
presented in Fig. 5C, it is now possible to see two
distinct populations of homogenisation temperature.
Below 430 m asl only tightly clustered homogenisation
temperatures are observed, whilst above this level
samples exhibiting a wide range in homogenisation
temperature predominate. This distribution shows a
correlation with assay data (Fig. 9). Below 400 m asl
the bulk of gold assays are <2 ppm (in fact, below the
400 m asl level only three assays >2 ppm were
recorded; Fig. 9). These low gold grades correlate with
the narrow range in T}, seen in Fig. 8. Above 400 m asl
the number of gold assays greater than 2 ppm increases
and locally gold grades reach 57.9 ppm (Fig. 9). This
zone correlates with the wide range in homogenisation
temperatures (Fig. 8).

Another point to note, in addition to the two depth
distributions of Ty data, is that the lowest homogeni-
sation temperatures, at each sample depth, closely fol-
low the +200-m-depth boiling curve.

Discussion
Mineralising processes

To assess the presence or absence of boiling phenomena
in epithermal systems, Bodnar et al. (1985) state that the
best evidence is the co-genetic existence of liquid- and
vapour-rich fluid inclusions. However, the lack of va-
pour-rich inclusions should not be taken as evidence
against boiling (e.g. Roedder 1984; Hedenquist and
Henley 1985; Hedenquist et al. 1992). Also, the two in-
clusion types should show characteristic distributions of
homogenisation temperatures. Liquid-rich inclusions
exhibit bubble point homogenisation with a narrow
temperature range. However, some exhibit anomalously
high temperatures because of small amounts of vapour
trapped along with the liquid. Conversely, the vapour-
rich inclusions exhibit dew point homogenisation tem-
peratures that show a scattered distribution, which is the
result of vapour-rich inclusions trapping a variable
amount of co-existing liquid. In addition, trends in ho-
mogenisation temperature and ice melting (salinity) are
good indicators of boiling and/or mixing (e.g. Heden-
quist and Henley 1985; Hedenquist et al. 1992; Simmons
and Christenson 1994; Simeone and Simmons 1999).
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Fluid inclusion evidence is not the only indication for
boiling. Other criteria are used, and often needed for
independent confirmation. Examples are the presence of
platy calcite, quartz pseudomorphs after platy calcite
(Browne 1978; Simmons and Christenson 1994) and/or
adularia (Browne and Ellis 1970).

By using the above, it is possible to assess the role of
boiling in the Profitis Ilias mineralisation. In the first
instance, co-existing vapour- and liquid-rich inclusions
were observed in quartz, suggesting that boiling may
have occurred. However, the low frequency of this as-
sociation makes it impossible to compare liquid and
vapour homogenisation temperatures. Nonetheless, ex-
amination of Fig. 5C suggests that there is a high
temperature ‘tail’ to the bubble point homogenisation
data, indicating that some of the liquid-rich inclusions
may have trapped small amounts of co-existing vapour.
Also, vein textures (Fig. 3C) suggest boiling played a
role in mineralisation as does the presence of adularia
(Fig. 3A). In isolation, these observations do not indi-
cate boiling as a major process. However, when they
are combined with spatial and geochemical informa-
tion, the case for boiling is much stronger (see Figs. 7
and 8).
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The high-salinity trend

The high-salinity trend can be explained by either (1)
mixing with an exotic brine (e.g. Simmons et al. 1988;
Conrad et al. 1992) or (2) extensive boiling and vapo-
urisation of a low salinity fluid (e.g. Simmons and
Brown 1997, Scott and Watanabe 1998). Possible
sources for the exotic brines are a magmatic fluid or a
fluid that has interacted with evaporites. As there are no
known evaporites within the stratigraphic sequence, it is
hard to argue for this hypothesis. Mixing with a mag-
matic fluid is also difficult to invoke, as the microther-
mometric data (e.g. see Fig. 7) show that it would have
to be between hot buoyant low-salinity ‘meteoric waters’
and cooler, dense ‘magmatic brines’. A more probable
explanation is extensive boiling of a low salinity fluid. In
addition, the extensive boiling would have to be ‘open
system’ to produce the observed range of salinities
(‘closed system’ adiabatic boiling can only increase
salinity by ~30%; Hedenquist and Henley 1985).

The high-Ty, trend

The high-Ty, trend can be explained by two processes: (1)
heterogeneous trapping of liquid and vapour (steam)
and (2) mixing between a relatively cool saline fluid and
hot dilute fluid. Lack of high temperature alteration
minerals (e.g. diopside; Deer et al. 1986) in the host
rocks largely precludes the high-temperature (> 300 °C),
low-salinity inclusions recording actual temperatures of
mineralisation. Thus, the high temperatures are best
explained through a mechanism of heterogeneous trap-
ping of brine and co-existing vapour.

Fluid inclusion depth relationships

The data distribution in Fig. 8 is best explained by ho-
mogeneous and heterogeneous trapping of a boiling
hydrothermal fluid. Below 430 m asl the hydrothermal
fluid is boiling and loosing steam, leaving the residual
fluid enriched in salt(s) (Fig. 7A, B, D, E). Here, only
brine is trapped, resulting in relatively constant ho-
mogenisation temperatures and variable salinity. Then
at ~430 to 450 m asl there is a transition zone, and
above this elevation the hydrothermal fluid is in a region
dominated by steam and inclusions trap both brine and
steam. This results in the wide variation in homogeni-
sation temperatures >450 m asl (Fig. 8) and the high-
T}, trend seen in Fig. 7F, 1.

Scott and Watanabe (1998) observed very similar
features in the Hokko low-sulphidation prospect in Ja-
pan. Homogenisation temperatures were widely variable
(total variation: 87-168 °C) in the upper levels of the
system, whilst in the lower levels they were more tightly
constrained (total variation 34-100 °C). They also ob-
served two Tjy-salinity trends in their data that are sim-
ilar, respectively, to the Profitis Ilias high-salinity and
high-T}, trends.
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Scott and Watanabe (1998) attributed these distri-
butions to a process of extensive non-adiabatic boiling,
vapourisation and steam loss in an open system. A sim-
ilar explanation is probable for the microthermometric
data from Profitis Ilias. Furthermore, Simmons and
Browne (1997), in a fluid inclusion study of sphalerite
from the Broadlands—Ohaaki geothermal field recorded
steep sub-vertical trends in salinity-Ty, data. These trends
were also attributed to the almost complete vapourisa-
tion of dilute thermal water.

Thus, at Profitis Ilias, boiling is the most likely
explanation of the microthermometric data. Further-
more, this is seen by assessing microthermometric-ele-
vation data rather than through direct fluid inclusion
petrography, microthermometric data and mineralogy.
This may be termed cryptic boiling.

Comparison with the active geothermal system on Milos

Chemical and geophysical studies of the active
geothermal system (e.g. Fytikas 1977; Liakopoulos 1987;
Fytikas 1989; Fytikas et al. 1989; Liakopoulos et al.
1991; Pflumio et al. 1991; Christanis and St. Seymour
1995) show that:

1. The reservoir liquid, before phase separation is
moderately saline (~9 wt% dissolved salts) and after
phase separation the condensed vapour has a salinity
of 0.12 wt% NaCl.

2. The residual liquid phase is dominated by sodium
chloride (up to 14.3 wt% NaCl) with significant po-
tassium (1.1 wt%) and calcium (0.5 wt%). Magne-
sium (1.36 x 107 mol/l) and sulphate (1.04 x 10~°
mol/l) are strongly depleted compared with seawater.

3. The hydrothermal fluid separates into liquid and va-
pour phases (‘boils’) during its ascent to the surface.

4. Stable (6'*0, dD), radiogenic (*’Sr/**Sr) isotopes and
hydro-geochemistry show that the dominant source
for the modern geothermal fluid is seawater with
minor meteoric and juvenile components.

Additionally, Christanis and St. Seymour (1995) have
shown that the geothermal fluids are metalliferous. They
identified Pb, Zn and Cu sulphides in scales from the
experimental power plant and detected Ag by XRF
analysis. Also, the geothermal fluids contain up to
1.5 ppb gold (Liakopoulos 1987).

The paleo-geothermal system preserved at Profitis
Ilias exhibits a number of characteristics in common
with the modern system:

1. Estimated salinities (0.0-11.3 wt% NaCl equiv.) are
similar. Also, the lowest salinities are associated with
inclusions from the ‘heterogeneous trapping’ zone.
This is equivalent to the condensed vapour in the
modern system.

2. Ice and first melting observations in fluid inclusions
show that the paleo-fluid is dominated by sodium
chloride with some di-valent cations (Ca or Mg) (see
Fig. 5SA). Analyses of the modern geothermal fluid
show that it is also dominated by sodium chloride
with significant calcium.



3. There is good evidence that the paleo-geothermal
fluids boiled (see Fig. 7). In the modern system, the
geothermal fluids boil on their ascent to the surface.

Thus the paleo-system at Profitis Ilias, as evidenced
by fluid inclusion data, is broadly similar in terms of
physico-chemical properties, to the modern geothermal
system. Further evidence is provided by the analysis of
the reservoir fluid (Liakopoulos 1987) and scales in the
geothermal plant (Christanis and St. Seymour 1995).
These show that the modern system is capable of
transporting and depositing metals. In addition, the
temperature of scale formation (200-230 °C) is very
close to the estimated temperature for the mineralisation
at Profitis Ilias (200-250 °C). This suggests that during
boiling, the Profitis Ilias fluid would also be capable of
depositing significant amounts of metal.

Comparisons between the modern geothermal system
and mineralisation at Cape Vani (Mn—-Ba) and Triades-
Galana (Ag-Pb-Zn—Ba) have been made by Liakopou-
los (1987), Liakopoulos and Boulegue (1987), Pflumio
et al. (1991) and Christanis and St. Seymour (1995).
They observed a similarity between mineral parageneses
in the ancient and modern systems and concluded that
the mineral deposits were produced from hydrothermal
fluids with comparable characteristics to the modern
system.

The fluid inclusion data and the mineralogical results
for Profitis Ilias further constrain this hypothesis. They
show that the modern and ancient systems are not only
comparable in terms of their mineralogy and paragenesis
but, moreover, they are analogous in terms of their
physico-chemical properties. This parallelism between
the ancient and modern systems suggests that since the
earliest (Late Pliocene, ~3 Ma) volcanism on Milos, the
region has been geothermally active. It is also probable
that the processes of metalliferous mineralisation are
likewise continuous. In addition, as seawater has been
identified as a major fluid source in the modern system,
then the above similarities also suggest that this may be
the case for the Profitis Ilias hydrothermal fluids. Fur-
thermore, at Profitis Ilias the lowest salinities in the
high-salinity boiling trend are close to that of seawater,
suggesting that this could have been the reservoir fluid at
Profitis Ilias. Although, without corroborating isotopic
data, this hypothesis cannot be confirmed.

Conclusions

The Profitis Ilias gold deposit occurs in a series of steep
interconnected quartz veins formed within an epithermal
environment. Estimated reserves amount to 5 million
tonnes, grading 4.4 g/tonnes gold and 43 ppm silver.

Three broad stages of the mineralisation are recogn-
ised:

1. pre-ore stage: barren microcrystalline quartz + pyrite;
2. ore-stage: fine-grained and vuggy quartz + base
metal sulphides + native gold;
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3. post-ore stage: fine-grained quartz + barite £
sulphides.

Electrum and sulphides tend to occur within finer-
grained quartz rather than in the coarser vuggy quartz.

Based on the depth-Ty—salinity relationships, it is
concluded that the hydrothermal fluids boiled between
200 and 250 °C and the salinity of the reservoir fluids
was ~5 wt% NaCl equiv. (minimum salinity of the high
salinity trend). There is also a zone, located at
~430-450 m asl, that marks the transition between the
liquid- and vapour-dominated systems. Depth-to-boil-
ing curves suggest that the elevation of the paleo-surface
was ~200 m above the present summit of Profitis Ilias.

Extreme boiling and vapourisation probably played
an important role in mineralisation and they provide the
best explanation for the wide range in fluid inclusion
salinities. Our data help confirm the importance of open
system boiling in mineralised epithermal systems as
suggested by Scott and Watanabe (1998).

The close association between gold and cryptic boil-
ing in the hydrothermal fluids is only seen by examining
the relationship between depth and homogenisation
temperature data. Thus, in epithermal environments,
this shows the importance of being able to correlate fluid
inclusion data with depth and assay information.

Comparison of the mineralisation at Profitis Ilias
with the modern geothermal system indicates that the
processes of metal (Pb, Zn, Cu, Ag and Au) minerali-
sation are still occurring today and have probably been
continuous since the Late Pliocence. However, the cen-
tres of geothermal activity have moved in space and
time. Also, there are indications that the source of the
mineralising fluid was seawater.
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