The Profitis llias deposit, Milos island, Greece: a case study of boiling in
an epithermal system recorded by stable isotope and fluid inclusion data
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ABSTRACT: Stable isotope (5D and §'®0) and microthermometric data are presented for the Profitis Ilias
adularia-sericite-type epithermal gold deposit on Milos Island, Greece. The deposit was discovered by Midas
Enterprise SA, and estimated reserves are 5 million tonnes grading at 4.4 g/t Au and 43 ppm Ag. Microther-
mometrlc data show that the system boiled. Stable isotope ratios were determined on inclusion-fluids (sD and
5'%0) and vein quartz (5'®0). The inclusion-fluid data show fractionation trends consistent with single—stage
steam separation and are broadly comparable to the currently active Milos geothermal system. The trends and
comparisons in the f|UId mineral data are more difficult to interpret. This suggests that data derived by ana-
lysing both sD and 5*°0 on inclusion-fluids can provide a better framework for interpreting fluid processes in
epithermal systems than current methodologies based on calculating §'20 from fluid-quartz equilibria.

1 INTRODUCTION

Stable isotope analyses (sD and §'®0) of inclusion
fluids in quartz provide valuable insights into fluid
sources, hydrothermal processes and fluid-rock inte-
raction in a wide range of geological environments.
Current methodologies for determining D/H and
80/10, focus on measuring sD on extracted inclu-
sion fluids and calculating 50 of the fluid by ana-
lysing the host quartz Recently, procedures that
analyse both sD and 520 on inclusion fluids have
been developed for quartz and carbonates (e.g. Oh-
ba, & Matsuo, 1988, Lécuyer & O’Neil, 1994).
However, scientific opinions as to which approach is
the most appropriate are divided (Vityk et al. 1993,
Ohba et al. 1995). The indirect approach is not
ideal, it relies on accurate determination of quartz
precipitation temperatures, usually ascertained
through fluid inclusion microthermometry. There is
also the factor that there is evidence for isotopic dis-

equilibrium between quartz and the fluid phase at
low temperatures (<250 °C) (e.g. Ligang et al.
1989). On the other hand, direct measurements also
have problems in data interpretation. These centre
on the fact that isotopic re-equilibration can occur
after trapping and during cooling of the fluid inclu-
sions (Ohba et al. 1995).

In this study, we present directly and |nd|rectly
measured sD and 5'°0 data for adularia—sericite epi-
thermal-Au mineralisation at Profitis llias on Milos
Island (Aegean sea). A deposit closely linked to a
modern geothermal reservoir, and whose geology,
mineralogy and fluids inclusions are well characte-
rised (Kilias et al. in press). In addition, the modern
system is well documented mineralogically, geo-
chemically and isotopically (e.g. Liakopoulos et al.
1991, Pflumio et al. 1991, Christianis & St. Sey-
mour, 1995) and provides an excellent analogue for
the epithermal-Au mineralisation.



2 GENERAL GEOLOGY

Milos Island is located at the western end of the
Pleistocene-Pliocene Aegean Volcanic Arc. The isl-
and is still geothermally active and a high-enthalpy
geothermal resource is located towards its centre.
Geologically, the island comprises mainly calc—
alkaline volcanic rocks (tuffs, pumice flows, ignim-
brites, pyroclastic flows, domes and lava flows of
andesitic-dacitic, and rhyolitic composition). The
volcanic sequence is built on Miocene-Pliocene clas-
tic and carbonate platform sediments, which uncon-
formably overly Mesozoic(?) metamorphic base-
ment  rocks. Metalliferous mineralisation is
predominantly located on the western end of the isl-
and in the oldest volcanic rocks. Two main styles
are evident: stratiform Mn-Ba, and epithermal Ag-
Au-Pb-Zn—Cu mineralisation.

The Profitis Ilias gold deposit is located in this
zone, and is approximately 20km west of the active
geothermal system. It was discovered by Midas En-
terprise S.A, and is classified as an adularia—sericite
type epithermal deposit. Estimated reserves are 5
million tonnes grading at 4.4 g/t Au and 43 ppm Ag
and recently bonanza grades have been discovered in
the vicinity. The deposit is closely associated with a
horst and graben structure and is characterised by a
series of interconnected veins that are commonly
composite and crustiform-banded. Vein widths are
up to 3 m and extend to depths of at least 300 m
(relative to the present day surface).

3 MINERALISATION

Mineralisation is hosted in sericitised and argillised
rhyolitic lapilli-tuffs and ignimbrites, and consists of
pyrite, galena, chalcopyrite, native gold, and elec-
trum. On the microscopic scale, minor adularia
veinlets were also observed in the host rocks adja-
cent to the mineralisation. Three broad paragenetic
stages of the mineralisation are recognised: 1. ear-
ly, pre—ore mineralisation consists of barren micro-
crystalline quartz and pyrite; 2. main ore-stage mi-
neralisation is characterised by deposition of coarse—
and fine—grained sphalerite, galena, chalcopyrite,
pyrite, and quartz. Free gold, in this association (1-
50 um in size; typically 1-10um), usually occupies
interstices between, or is intergrown with, fine—
grained quartz crystals, or coexists with oxidised
sulphides; 3. post—ore mineralisation comprises ba-
rite intergrown with fine—grained quartz, and minor
sulphides.

4 FLUID INCLUSIONS

Fluid inclusion data were obtained on drill-core
samples and surface exposures of the veins. Two
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Figure 1. Depth-Th relationships for the Milos ore stage flu-
ids. Note that below 450m fluid inclusion homogenisation
temperatures are tightly clustered, whilst above this level they
exhibit a high degree of scatter. This is interpreted to represent
heterogeneous trapping of fluid inclusions in a boiling epither-
mal system, with the base of boiling located at the 450m level
(after Kilias et al. in press).

main inclusion types were identified: aqueous lig-
uid- and vapour-rich. They occur in ore and post—
ore quartz, sphalerite, and barite. Quartz and sphale-
rite contain predominantly liquid—-rich primary in-
clusions, whereas barite contains relatively more
(20% by number) vapour-rich inclusions in compar-
ison.

Primary liquid-rich inclusions homogenise at
temperatures between 112 and 399 °C. The homog-
enisation temperature range for each stage is as fol-
lows: ore-stage: 145 to 399 °C (median 230 °C);
post—ore stage: 112 to 263 °C (median 175 °C). Es-
timates of eutectic melting (-25 to -38°C) indicate
the presence of divalent cations in the ore fluids,
probably magnesium or calcium. Salinities of lig-
uid-rich inclusions, based on microthermometric
data, range between 0.1 and 11.4 wt% NaCl equiv.
in ore-stage quartz and sphalerite, and between 0.93
and 8.5 wt% NaCl equiv. in post-ore barite. Va-
pour-rich inclusions in ore-stage quartz homogenise
between 368 and 399 °C, whilst vapour—rich inclu-
sions in barite generally decrepitated before antici-
pated homogenisation.

Evidence for boiling, in the fluid inclusion data, is
shown by examining the relationship between sam-
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Figure 2. 8D—3"%0 plot of Profitis Ilias inclusion fluids com-
paring uncorrected inclusion fluid data with calculated 6D—
8'®0 and stable isotope data for the modern geothermal system
(data from Liakopoulos et al. 1991). For comparison, steam
fractionation trends are also shown.

ple elevation and homogenisation temperature (Fig.
1). Two distinct distributions are evident. Below
450m fluid inclusion homogenisation temperatures
are tightly clustered and vary only by 20 to 50°C.
However, above this level homogenisation tempera-
tures show extreme variation (sometimes over
150°C). This is attributed to the heterogeneous trap-
ping of a boiling hydrothermal fluid in the upper
levels of the system. The transition between the two
distributions at 450m is interpreted as the base of
boiling. Moreover, samples containing high gold
values (>12ppm) or visible gold are exclusively lo-
cated above this level.

STABLE ISOTOPE ANALYSES

To constrain further the role of boiling, quartz sam-
ples were selected for stable isotope analysis on the
inclusion fluids. Combined 3D and &0 were ana-
lysed on extracted fluid inclusion waters by CO, mi-
cro—equilibration methods to obtain both 6D and
8'%0 on the inclusion fluids. In addition, §**0 was

measured, utilising the same samples, on the host
quartz using standard fluorination techniques.

4.1 Oxygen isotopes

Oxygen isotope data for extracted inclusion fluids
and quartz along with summary fluid inclusion and
assay—elevation data are presented in Table 1. The
data show a correlation between sample—elevation
and 80 in both inclusion waters and quartz (Tab.
1). With the exception of the sample from the high-
est elevation (657 m, sample G2185), which has a
8" Owater Of —4.5%o, 520 of inclusion waters steadily
decreases from -3.7 %o at 210 maOD to -7.3 %o at
613 maOD. Uncorrected §'%0 in quartz shows an
opposite trend, with §*%0 increasing from +13.9 to
+15.1 %o over the same elevation interval.

4.2 Hydrogen isotopes

Hydrogen isotope data for extracted inclusion fluids
along with summary fluid inclusion and assay-
elevation data are also presented in Table 1. 8D va-
ries between -68.0 and -19.0 %.. As with the oxygen
data, with the exception of three samples, 6D shows
a strong correlation with sample—elevation varying
from the lightest values (-47.8 %o) at highest eleva-
tions (613 maOD) to the heaviest (-19 %o) at the
lowest (210 maOD).

Combined 8D and &0 data are presented in Fig-
ure 2, and where both 8D and 8'°0 were measured
on the inclusion fluids, they show a clear trend that
is sub—linear and parallels the Mediterranean Mete-
oric Water Line (MMWL). No fractionation correc-
tion has been applied to the 5*°0 fluid inclusion wa-
ter data. Moreover, the data bear a striking
similarity to those for the modern geothermal sys-
tem.

Two liquid-vapour (boiling) fractionation trends
are also shown with a corresponding reservoir com-
position. The fractionation trends are calculated for
single-stage steam-separation, with the points show-
ing end—member equilibrium compositions of liquid
and vapour. Fluid inclusions trapping mixtures of
these two end members (heterogeneous trapping)
will have isotopic compositions that fall along the
tie-lines, though the position of fractionation lines in
5D—3 20 space is dependent on the initial choice of
reservoir composition. It is clear that where both
isotope ratios were determined on the inclusion flu-
ids the data are well explained by boiling and hete-
rogeneous trapping, which agrees with the fluid in-
clusion microthermometry (see Fig. 1).

In addition to the uncorrected fluid inclusion and
geothermal water data, estimated hydrothermal fluid
compositions are also illustrated in Figure 2. These
were calculated using quartz—water fractionation
factors and mean fluid inclusion temperatures. Here
the data show considerable scatter and are difficult



Table 1.

Stable isotope data for Profitis Ilias inclusion fluids and quartz. Also shown are summary microthermometric
data, gold-silver concentrations and boiling curve temperatures for each sample elevation

Sample Elevation Sample Flwater §%0% 8%0% D%  Au Ag Salinity  Thrange boiling
no. (maOD) wt. (g) weight  quartz Flwater  Fl (ppm)  (ppm) (wt % (°C) curve T
(mg) water NaCl eq.) (°Q)
G2185 657 1.4 0.5 15.4 -4.5 -28.7 7.18 20 6.1 --6.8 150 -- 160 89
G1746 621 0.5 2.5 15.5 -7.8 -51.0 56.50 62 5.0--5.5 213--243 149
G1810 613 0.5 0.3 15.1 -7.3 -47.8 n.d. n.d. 45--45 161 --284 156
G2374 551 1.5 1.2 14.2 -7.8 -68.0 4.22 10 3.4--56 190 - 234 188
G2245 499 0.5 3.7 14.6 -6.9 -41.5 18.00 13 3.3--49 205--215 204
G2255 457 0.5 1.6 13.9 -6.1 -39.8 4.84 15 3.1--47 190 --219 213
G2424 421 0.7 1.2 14.2 -6.2 -50.5 6.32 17 0.0--7.5 233--253 220
G2267 405 1.4 3.7 14.3 4.1 -33.3 8.51 3 6.5--7.8 223 --249 223
G2268 403 1.2 2.5 13.7 -4.5 -34.9 10.20 11 4.4--9.2 208 --231 223
G2283 365 1.2 0.3 13.4 -3.7 -23.8  10.20 11 3.1-6.2 219 --251 230
PD9380 210 0.5 1.2 13.9 -3.7 -19.0 n.d. n.d. 5.6 -5.6 249 --249 250

to relate to steam fractionation and the modern geo-
thermal system.

5 CONCLUSIONS

Boiling appears to exert a major control on the loca-
tion of ore. This is seen in both the microthermome-
tric and the "fluid" stable isotope data.

The inclusion—fluid stable isotope data can be
readily compared to the modern geothermal system,
whereas the relationship between the fluid—mineral
data and those of the modern system is more am-
biguous

We suggest that data derived by analysing both sD
and 5'°0 on inclusion fluids can provide a better
framework for interpreting fluid processes in epi-
thermal systems than current methodologies based
on calculating %0 from fluid—quartz equilibria.
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