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Abstract

The Serifos district is part of the Attico-Cycladic-Pelagonian ore belt. The island is
known for mining activity through the ancient times and in the last century (1880-
1950), mainly exploiting an Fe-skarn deposits, as described by Salemink (1985) and
Ducoux et al. (2017). Three tectono-metamorphic units have been distinguished in the
island, from the bottom to the top the Continental Cycladic Basement (CCB): the
Cycladic Blueschist Unit (CBU) and the Upper Cycladic Unit (UCU) along with an I-
type granodiorite intrusion emplaced at 11,6 to 9,5 Ma penetrating the rocks of the
CCB and the CBU units and causing contact metamorphism in the proximal marbles
and schists, consequently forming calcic exo- and endo-skarns as long as carbonate-
replacement ores and retrograde low-temperature veins. In the southeastern part of the
island, another igneous body crops out, described recently by VVoudouris (2010) as
“’leucogranite’’ and called “’aplogranite’” in this study. The present study has been
focused on five mineralized areas within the granodiorite and the aplogranite bodies.
The first prospect is located in the Chora area within the inner part of the granodiorite
and consists of disseminated pyrite and chalcopyrite mineralization, along with
goethite pseudomorphs after pyrite and magnetite as veins. Secondary malachite and
azurite also occur in this area. The second prospect is a sheeted quartz vein system
located in the Koutalas area, within the outer part of the granodiorite. The sheeted
veins trend E-W and represent a possible pathway (e.g. feeder zones) for the
magmatic aqueous fluids migrating laterally and upwards within the marbles of the
CBU. The third prospect in the Sotiras area within the aplogranite, is characterized by
a disseminated pyrite mineralization where pyrite occurs inside miarolitic cavities.
Large quartz veins without ore minerals also occur in this area. The fourth prospect is
located in the Kefala area and is characterized by pyrite dissemination within the
aplogranite. Finally, the fifth prospect in the Heliport area in the inner part of the
granodiorite, is a sulfide stockwork-type mineralization consisting mainly of quartz
pyrite, chalcopyrite and Ti-oxides (anatase/rutile). In one sample, native bismuth and
bismuth sulfosalt have been found. In the Koutalas prospect, an extended sodic
alteration affects the granodiorite, while in the Heliport area a less intense sericitic
alteration occurs. No such alterations have been found in the Sotiras area where the
aplogranite is the dominant body. Moreover, we provide new microthermometric data
from the quartz sheeted veins in the Koutalas area and from the quartz veins in the
Sotiras area. The measured inclusions present a range of homogenization
temperatures from 200° to 550°C with a mean temperature of 350°C, while the
measured salinity ranges from 5 to 45 wt%NaCl equiv. The major goal of this study is
to understand how the relationship between all these prospects and their possible
genetic relation with the skarn mineralization in the southwestern part of Serifos.
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l. Introduction and aim of the thesis

The Serifos ore district is part of the Attic-Cycladic-Pelagonian ore belt, which includes
significant base- and precious-metal mineralization among other in Lavrion, south Evia,
Sifnos, Tinos and Milos islands (Marinos and Petrascheck 1956; Skarpelis 2002;
Neubauer, 2005; Tombros et al., 2007; Voudouris et al. 2008a,b, 2011, 2019; Bonsall
et al. 2011; Alfieris et al. 2013; Scheffer et al. 2017; Fitros et al. 2018; Menant et al.
2018). These ore deposits are genetically related to magmatic rocks of Miocene to
Pleistocene age.

The island of Serifos, is widely known for the existence of mining activity through the
ancient times and during the second half of the 19" century since the first half of the
20" century (~1880- 1950). It was later described by Salemink (1985) and Ducoux et
al. (2017), that a Fe-skarn deposit was responsible for the existence of mining activity
on the island. Both studies were focused on the genetic link between the skarn deposit
and the adjacent Serifos granodiorite. At the same time, the large igneous body located
in the central part of the island was studied from petrological, tectonic, mineralogical,
and geochemical perspectives. The purpose of those studies was mainly the correlation
between the Serifos granodiorite and other igneous bodies located in the Attico-
Cycladic Massif, like the Lavrion granodiorite and the integration of these bodies into
a unique geotectonic model of magma emplacement in the Hellenides belt.



Porphyry deposits are considered to be the most significant source of Cu and Mo and
a very important source of Au, Ag, W, Sn as by-products. Although porphyry deposits
were in the previous decades described as disseminated, sulfide mineralization can
mostly be found in stockwork veins, sheeted veins, hydrothermal breccia etc.
Furthermore, recent studies have shown that the magmatic source of the hydrothermal
fluids responsible for the formation of the porphyry deposits, also play a crucial role
for the formation of proximal or distal skarn deposits, carbonate-replacement bodies
and of course epithermal deposits located in shallower depths (Seedorf et al., 2005,
2008; Sillitoe, 2010) (Fig. 1). Sillitoe (2010) proposed a unified model, where
hydrothermal activity was the main ore-generating process and in which porphyry,
epithermal, proximal skarn, carbonate-replacement and distal Carlin-style deposits
along with other granite-related systems were all connected. Such a system is proposed
for Serifos island, where the skarn as the main ore deposit, is being fed by a magmatic
source, in our case the Serifos granodiorite. The granodiorite itself, is the main part of
this unified system, where the sheeted veins along with the extended sodic alteration in
the southwestern part of the island may correspond to a deeper exposed level, and the
sulfide stockwork mineralization in the central part of the island might belong to a
shallower exposed level of the system (Fig. 2).

Even though a lot of studies considering the Serifos fresh granodiorite petrography
and geochemistry have been conducted during the last decades (Salemink, 1985;
Ducoux et al., 2017; Stouraiti et al., 2017) our knowledge about the ore mineralogy of
the quartz veins and breccias hosted in the granodiorite remains incomplete. Since a
sheeted vein system and a sulfide stockwork-type mineralization were found within the
granodiorite, this study examines new ore mineral occurrences, including those within
the sheeted veins and those of disseminated and sulfide stockwork types, in five
different areas inside the granodiorite. Major aim of the study is to correlate these new
ore mineral occurrences with the skarn-hosted mineralization located in the
southwestern part of Serifos and to provide some information about the whole
hydrothermal system creating these deposits.
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Fig. 1: Scheme modified from Sillitoe (2010), showing the connection between a magmatic
source, in our case the granodiorite, the skarn deposits along the granodiorite-host rock contact
and the manto-type massive mineralization in the carbonate-replacement deposits.
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Fig. 2: Scheme from Sillitoe (2010), showing the alteration zones in a porphyry-centered
system. Note that the sodic-calcic alteration zone belongs to the deeper part of the system,
where the potassic zone along with the quartz stockwork veins belongs to the shallower part.

Moreover, we provide new geochemical, mineralogical and microthermometric data
from a molybdenite-bearing igneous body in the southeastern part of the island, here
called aplogranite, first described by Voudouris et al. (2010) as “’leucogranite’’. The
main question concerning the aplogranite is how it is related to the granodiorite and
consequently the skarn mineralization. Is it part of the system described above, or it is



a different system? Due to thegeochemical signature and petrographic characteristics
of the aplogranite, along with the results coming from microthermometry of fluid
inclusions, the second scenario is proposed suggesting a different system than the
granodiorite-related skarn. In fact, the aplogranite shares some features with other S-
type, ilmenite-series igneous rocks around the world, which in some cases relate to the
so-called intrusion-related systems (Lang et al 2000, Baker et al 2005). Further analysis
would be necessary for our better understanding of such systems, which play a critical
role in generating Mo, W and Sn deposits (Fig. 3).
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1. Analytical methods

For the needs of this study, 36 thin polished sections and 27 polished blocks, for the
study of the metallic minerals, were prepared and studied with an optical microscope
in both transmitted and reflected light at the University of Athens, Greece. These thin
sections were studied by a JEOL JSM 5600 scanning electron microscope, equipped
with back-scattered imaging capabilities, at the Department of Mineralogy and
Petrology, University of Athens.

Raman Spectroscopy analysis was conducted for the identification of some undefined
minerals in both thin sections and polished blocks. It is a quick and easy method,
appropriate for the qualitative identification of minerals which cannot be identified via
the usual optical petrography. Furthermore, it is a non-destructive analysis widely used
for the determination of the vapor or solid phases trapped inside fluid inclusions and
for this reason it is preferred from the destructive LA-ICP-MS method. The analysis
was conducted at the University of Geneva with the use of a green laser (532nm). The
analyzed minerals come from the sheeted veins in Koutalas, from the aplogranite in the
Sotiras and the Kefala areas and from the sulfide stockwork mineralization in the
Heliport area.

Silicate minerals from both the outer part of the granodiorite and the aplogranite were
analyzed with a JEOL 8200 superprobe Electron Probe Micro-Analyzer (EPMA)
equipped with secondary electron and back-scattered electron detectors at the
University of Geneva, Switzerland.

CL images were taken via optical cathodoluminescence technique (CITL CL 8200-MK
5-1) at the University of Geneva, Switzerland.

Finally, 6 double polished sections were prepared for fluid inclusion microthermometry
at the University of Geneva. For this technique, a Linkam THMSG 600 stage mounted
on a Leica DMLB microscope with 100x objective was used.

1. Geological setting

Serifos is located about 100 km SSE of Athens in the Aegean Sea, Greece. It belongs
to the Attic-Cycladic Unit, which is part of the Helenides-Taurides belt (Figs 4 and 5).
This belt, along with the Alps, Dinarides, Apennines, Carpathians and Betic, has formed
during the Late Cretaceous- Eocene period, as a result from the African-Eurasia
convergence. By the end of Eocene (~35 Ma), slab retreat has caused the formation of
several back-arc basins including the Alboran Sea, the Ligurian-Provencal Basin, the
Tyrrhenian Sea, the Pannonian Basin and the Aegean Sea. The Aegean Sea belongs to
the central part of the Hellenides-Taurides belt and has formed in a back-arc basin
environment (Stampfli, 2000).



The Hellenides are subdivided into two regions. The External Hellenides appear in the
western part only deformed and metamorphosed during the Oligocene-Early Miocene
with the subduction of the Apulia microcontinent beneath the Eurasian plate with the
disappearance of the Pindos Ocean (Jolivet and Brun 2010, Jolivet et al 2013). The
Internal Hellenides appear in the eastern part and present a much more complex history.
The Internal Hellenides, have been deformed and metamorphosed once in the Late
Jurassic-Early Cretaceous with the subduction of the Pelagonian microcontinent
beneath the Eurasian plate with the disappearance of the Vardar Ocean. The second
deformation and metamorphic event occurred in the Oligocene-Early Miocene which
was the main orogenetic episode in the External Hellenides (Papanikolaou, 1986).
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Fig. 4: Map showing the geotectonic zones of Greece (modified from Melfos and Voudouris,
2017 and Voudouris et al., 2019). Serifos island belongs to the Attico-Cycladic Massif (area
inside the red square)

The island of Serifos is actually part of the Attico-Cycladic massif. Herein, the rocks
have been affected by the subduction of the Pindos Ocean beneath the Eurasian plate,



as it is previously mentioned (Bonneau and Kienast, 1982; Bonneau et al., 1984).
Specifically, a pre-Alpine continental basement, mainly consisting of paragneiss and
orthogneiss is underlain by a thick pelagic limestone unit with metapelites and
metabasics intercalations which is metamorphosed under HP/MT blueschist phase
conditions (P=8-14 kbar; T=350-550°C) during the Eocene. Those blueschists typically
appear in the islands of Syros, Tinos and Andros. On Serifos (Fig. 5), those blueschists
have been affected by the later LP/MT greenschist phase (P=3-11 kbar, T=300-520°C)
during the Late Oligocene-Early Miocene (Salemink, 1985; Stouraiti et al., 2017).

Three tectono-metamorphic units have been recognized on the Cycladic islands within

the Aegean domain (Bonneau, 1984): i) the Cycladic Continental Basement (CCB); ii)
the Cycladic Blueschist Unit (CBU), and iii) the Upper Cycladic Unit (UCU; Bonneau
et al., 1984; Grasemann et al., 2012; Ducoux et al., 2017).

The CCB crops out in the central and southern Cyclades and especially on los, Paros,
Naxos, along with Serifos and Sikinos. This unit comprises granite, paragneiss and
orthogneiss showing a complex pre-Alpine history. On Serifos, it appears in the
southern part of the island usually as gneisses with metabasite intercalations and
dolomite-calcite marble mylonites (Fig. 5). Metapelites and marbles of this units have
been correlated with the Gavrovo-Tripolis paleogeographic domain, while some
researchers believe that this unit extends to the Menderes Massif in Western Anatolia.

The CBU crops out on most of the Cyclades islands and is composed by a sequence
of metapelites, metabasites and marbles. The rocks of this unit have reached upper
metamorphic conditions up to temperature of 580°C and pressure of 20 kbar in some
islands (Syros, Tinos, and Naxos), conditions responsible for the formation of
blueschists and even eclogites in these parts of the Cyclades region. This episode is
associated with the Eocene subduction of Pindos ocean below the southern margin of
Eurasia between 70 and 35 Ma. On Serifos however, these HP/HT signatures have been
overprinted by LP/HT greenschist metamorphism, related to post-thickening crustal
thinning during the Oligo-Miocene slab retreat episode between 30 and 18 Ma. This
episode was followed by a partial melting phase, dated between 21 and 17 Ma, causing
migmatite formation on Naxos and Ikaria. The CBU occupies the whole northern and
a small portion of the southwestern part of the island and it consists of the following
formations (bottom to top) : a) amphibolites with gneiss intercalations; b) switched
greenschist and marble layers, and c) ultramylonitic marbles.

The UCU consists of an ophiolitic material partly metamorphosed during the Late
Cretaceous. On Serifos, it occurs only in the southwestern part of the island, in the
Kavos Kyklopas area and it consists of ankeritized schists and metaophiolites (Fig. 5).

The CCB and the overlaying CBU have a contact along a low-angle detachment fault
in the area of Meghalo Livadhi (MLD; Ducoux et al., 2017), while the contact between
CBU and UPU crops out in the Kavos Kyklopas in the southwest and Platy Gialos
peninsulas to the northeast (Fig. 5). These two detachment systems are believed to have
played a crucial role to the circulation of the hydrothermal fluids responsible for the
formation of the skarn deposits in the southwestern part of the island, showing a system
similar to the carbonate-raplacement deposit at Lavrion.

10



About the 1/3 part of the Serifos island is occupied by a granodioritic igneous body
(Fig. 5). This intrusive body results from the southward arc migration during the end of
the Miocene period (~10Ma), causing a syn-tectoning re-melting of the crust and
consequently the formation of the I-type granites or granodiorites in Tinos, Delos,
Mykonos, Ikaria, Naxos and Serifos (Papanikolaou et al 1985, Jolivet 2013).

The granodiorite of Serifos, was emplaced at 11,6 to 9,5 Ma, penetrating the rocks of
the CCB and CBU, causing contact metamorphism in the host marbles and schists and
consequently development of a calcic exo- and endo-skarns as long as carbonate-
replacement ores and retrograde low-temperature veins (Marinos, 1951; Salemink,
1985; Iglseder et al., 2009; Stouraiti et al., 2017).

The pluton is an I-type hornblende-biotite granodiorite, showing different
characteristics form core to margins. The core of the pluton shows a non-folliated, fine-
grained, equigranular texture and a tonalitic composition, while the outer facies shows
a more foliated texture and a hornblende-biotite- allanite mineral assemblage (Stouraiti
and Mitropoulos 1999; Grasemann and Petrakakis 2007; Seymour et al., 2009). The
crystallization temperature and emplacement pressure have been estimated to 700-750
°C and 1,5 to 3,5 kbar respectively (Seymour et al., 2009). A number of aplitic,
pegmatitic and dacitic dikes intruded various lithologies of the CBU units. Their ages
range from 8,2 to 8,7 Ma, while their P-T conditions are considered to be 1-2 kbar and
<650°C respectively. The intrusion was emplaced at shallow depths, near the ductile-
brittle transition boundary, while according to Salemink (1985) the lithostatic pressure
at the time of the intrusion was estimated at 1-1,5 kbar. Salemink (1985) estimated
crystallization pressure of amphiboles: 2,5-3,7 kbar in the core of the crystals and 033-
1,5 kbar in the margins, suggesting that the intrusion moved upwards from a 12km
depth to a 3km depth during emplacement.

Iglseder et al. (2009) also reported on the occurrence of an older S-type granitic body
cropping out along the margins of the larger granodiorite intrusion, and which was
mylonitized by an earlier phase of deformation at temperature of approximately 450°C.
Based on Rb-Sr dating of muscovite, whole rock ages for these orthogneiss mylonites
are calculated between 15.0+0.2 and 11.34+0.1 Ma (Igleseder et al., 2009), which either
indicate a lower intrusion age of the protolith, or a thermal resetting due to the
emplacement of the granodiorite.

IV. Local geology and field work

This study focuses on the description of five mineralized areas within the Serifos
pluton. In this chapter, the local geology and the petrological characteristics of these
areas are described and a detailed map showing these five areas, is given at the end of
this chapter. The geologic map is from Ducoux et al. (2017) and is modified indicating
the location of the sampling sites (Fig. 5). Four of them are located inside the
granodiorite. The fifth one, bearing disseminated mineralization, is located in the
Sotiras area in the southeastern part of the island, and is hosted within a different
igneous body, hereafter referred to as aplogranite, and previously described as

11



leucogranite by Voudouris et al. (2010). The petrography, ore mineralogy along with
the geochemistry of this body will be discussed in the following chapters.
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Fig. 5: Geologic map of Serifos, after Ducoux et al. (2017), demonstrating the four mineralized
locations, the area dominated by the aplogranite, as well as the granodiorite-aplogranite contact
in the Koutalas area, described in this thesis.
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Chora prospect

In the Chora area, thetexture appears to be non-foliated, equigranular and fine-
grained. In this part of the granodiorite, the tectonic activity and contemporaneous fluid
circulation have been responsible for the creation of a system of fissures and veinlets
with random orientation. Since we are located in the inner facies of the pluton, no
contacts between the granodiorite and the rocks of the CCB or the CBU were
established. There are no quartz veins and veinlets, even though a great variety of
veinlets comprised of actinolite, titanite, chlorite and calcite along with bleached zones
(Fig. 6a,b) with chlorite-calcite alteration halo occur. These veinlets have a total
thickness of 0,05-2,5 cm and an alteration halo thickness of 0,3-1 cm for the majority
of the veinlets with a maximum thickness of 3 cm in a few bigger veins. A few
disseminated ore minerals appear along the granodiorite mainly pyrite and more rarely
chalcopyrite (Fig. 6¢). Goethite pseudomorphs after magnetite and pyrite along with
magnetite veins are present (Fig. 6d). Malachite and azurite have formed due to
supergene oxidation of chalcopyrite.

Fig. 6: Photographs of the inner part of the granodiorite located in Chora: (a,b) Bleached zones
with chlorite-calcite alteration halo; (c) Disseminated chalcopyrite crystal within the
granodiorite; (d) Goethite after magnetite and pyrite vein within the granodiorite

13



Koutalas- Ganema prospect

In the area of the Koutalas Bay, the granodiorite is in contact with the gneisses of the
CCB unit. The granodiorite presents a more foliated and porphyroblastic texture with
large biotite phenocrysts while locally mafic xenoliths inside the pluton show a
complex magmatic history, probably including crustal contamination and host rocks
assimilation. In contrast to the Chora location, the Koutalas area is characterized by the
presence of hydrothermal quartz veins containing quartz, orthoclase, albite, titanite and
adularia along with veinlets with various amounts of actinolite, hornblende, titanite,
chlorite and calcite (Fig. 7). The veins are 0,05-0,4 cm thick and they all display
alteration halos their thickness range from 0,25 to 3,6 cm. A lot of bleached zones (Fig.
7a,b) have been formed from hydrothermal fluids circulation along the fissures and
veinlets inside the granodiorite.

Fig.7: Photographs from the outer part of the granodiorite body in the Koutalas area: (a,b)
Bleached zones with chlorite-calcite alteration halos similar to those from the inner part at
Chora. The brown areas correspond to supergene alteration.

To sum up, three main generations of veins can be distinguished in both the Chora and
the Koutalas areas (Fig. 8). The first generation corresponds to the early stage veins and
consists of quartz, albite and orthoclase and is found only in the outer part of the
granodiorite. The second generation, e.g. the intermediate stage veins, is composed
mainly of actinolite, titanite and hornblende with minor amounts of quartz and chlorite.
The third and final stage is subdivided into two substages with chlorite-calcite-adularia
in the first substage (\VV3a), and calcite-adularia in the second substage (V3b).
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Fig.8: Diagram showing the mineralcomposition of the veins within the granodiorite in the
Chora and Koutalas areas. Early stage veins including hydrothermal quartz were formed at
higher temperature, while in the lower temperatures ones chlorite and calcite are present.

The second mineralized area is located in the Koutalas Bay along the road and about
200 m north of the Agia Theodora church. It comprises a system of at least 15 quartz
sheeted veins, along a 8,5 m long profile striking N-S (Fig. 9). For simplicity, we have
numbered the veins from the southern edge to the northern, as vein 1 to 15, respectively.
Most of the veins have an almost E-W strike and a dip about 10°N. The only exceptions
are vein number 7, having a dip of 70°N and vein number 9, having a dip of 10°N,
while the strike remains stable. The veins thickness along with the distance between
them range from 1to 9 cmand 0,3-1,5 m, respectively. We have collected samples from
veins Nr 2, 6, 7, 9, 10, 11, 12 and 15. From the collected samples, veins # 7, 9 and 15
contain ore minerals mainly pyrite (Fig. 10a), with smaller proportions of chalcopyrite.
In vein #15, oxidation of chalcopyrite has caused the formation of supergene minerals
like azurite and malachite, while in vein #11 the pyrite seems to be completely oxidized
to Fe oxides. Chlorite appears in vein #6, mainly as a breccia cement. Lastly, in vein
#10 a core-to-margins zonation has been observed: equigranular quartz towards an
aplitic margin and finally, a granodiorite host. Hydrothermal quartz veins without ore
minerals are also common in this area (Fig. 10b).
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Fig. 10: Textural aspects of the vein system in the Koutalas Bay area: a) Vein #9 consists mainly
of quartz and pyrite, while chalcopyrite occurs in smaller proportions. Granodiorite is the host
rock; b) Barren hydrothermal quartz vein.

At about 150 m higher and 250 m to the north from the sheeted quartz vein system, the
contact between granodiorite and marbles is exposed. The marbles are characterized by
skarn- and carbonate-replacement style of mineralization. This suggests that the quartz
vein system may represent the feeder zone to the overlying skarn mineralization, with
a possible genetic relationship between them. In this topographically higher position,
up to 1-2cm-thick quartz veins and veinlets, bearing mostly oxidized ore minerals are
hosted within the granodiorite and showing potassic alteration halos.

In the Ganema area and about 1 km to the East from the previous location, a tight
network of barite veins with a N70°W and a 40°SW dip appears along a major fault
structure cross-cutting the granodiorite. This network belongs probably to the low-

16



temperature hematite-limonite-barite-fluorite vein described by Salemnik (1985). Near
the barite vein network, a randomly orientated network of quartz stockwork appears.

In the Ganema area, the aplogranite intrudes the granodiorite with intense presence of
secondary hydrothermal actinolite (Fig. 11a,b) upon the contact between the two
igneous bodies (Fig. 12). Barite and Fe-oxides are also present within N70°W-trending
veins crosscutting the aplogranite. This vein system is parallel to the one located 400m
to the north inside the granodiorite, as previously described. Barite is related to the latest
stage of mineralization with the synchronous deposition of fluorite and carbonate
minerals.

Fig.11: a) Assemblages of secondary amphibole in the contact between the aplogranite and the
granodiorite in the Ganema area (pen used as scale); b) Hand specimen (10 cm wide) from the
contact between these two rocks. Secondary long-shaped amphibole crystals can be seen.

Fig.12: White-colored veins
of aplogranite intrude the
grey-colored granodiorite in
the Ganema area




Sotiras prospect

The third mineralized site is located in the area of Sotiras in the southeastern part of
the island. The area is dominated by gneisses of the CCB unit (Fig. 13) and a white-
colored igneous rock, previously named ‘’leucogranite’” by Voudouris et al. (2010).
For simplicity, this rock is called aplogranite in this study, based on the macroscopic
similarity between it and the aplitic dykes found within the granodiorite. The
aplogranite texture is more coarse-grained than the one of the granodiorite and it
comprises mostly quartz and K-feldspar, with subordinate biotite. Furthermore, the
aplogranite is crosscut by wide (>10 cm) hydrothermal coarse-grained quartz veins
(Fig. 144, b). The area is also characterized by pyrite dissemination, while molybdenite
is also present as submicroscopic crystals along with pyrite (Voudouris et al., 2010).

Fig.13: Intrusive contact between aplogranite and gneisses from the CCB in the Sotiras area
(hammer as a scale).

Two different scenarios are proposed in this study to explain the appearance of this
igneous body in the island of Serifos. The first scenario implies the existence of one
magmatic source, of granodioritic composition. Further fractionation of the
granodioritic magma could be a possible explanation for the crystallization of the white-
colored aplogranite. The second scenario implies the presence of two different
magmatic sources, for the formation of each igneous body, with successive intrusion of
the aplogranitic melt into the solidified granodiorite. Mineralogical evidence (see
below), rather supports the second scenario.

The quartz veins crosscutting the aplogranite are related to a sericitic alteration
(sericitization of K-feldspar), while locally secondary coarse-grained muscovite (e.g.
greisen alteration, see Seedorf et al. 2005) also appears. Miarolitic cavities are also
present in the aplogranite of the Sotiras area and show a disseminated-style
mineralization consisting mainly of pyrite (Fig. 15). The environment is similar to the

18



one of the reduced intrusion-related deposits, hosted in subalkalic, metaluminous
intrusions of intermediate to felsic composition, hosting W and Sn deposits (Lang et al.
2000; Baker et al. 2005). These deposits are related to reduced magmas, belonging to
ilmenite rather than magnetite series, with high Rb/Sr values (>1) and low Fe.Os/Feo
values (<1). Greisen-type alteration with the presence of hydrothermal muscovite along
with tourmaline, fluorite and barite is usual in such systems. Although no fluorite, barite
or tourmaline were found in the Sotiras area and the presence of secondary muscovite
IS quite restricted, the presence of disseminated-style mineralization associated with the
miarolitic cavities is another feature which indicates for a until poorly described
intrusion-related system in the island of Serifos. Miarolitic cavities are believed to have
formed by the circulation of high temperature supercritical fluids (e.g. Lang et al. 2000;
Baker et al. 2005).

Fig.14: a,b: Large coarse-grained quartz veins, cross-cut the aplogranite in the Sotiras area.
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Fig. 15: Miarolitic cavities within the aplogranite from the Sotiras area. These cavities are
related to a disseminated pyrite mineralization.

Kefala Hill prospect

The fourth mineralized site is located at an altitude of 422 m, on the top of the Kefala
Hill in the central part of the island. Therein, another outcrop of aplogranite (similar to
the previous one from the Sotiras area) has intruded in the rocks of the CCB unit. The
Kefala Hill aplogranite is weakly potassically altered with secondary biotite and
actinolite formation and partly sericitized. Disseminated pyrite mineralization, mostly
oxidized is also observed in this prospect.

Nearby, the granodiorite appears strongly mylonitized, with a cataclastic to mylonitic
texture related to the presence of a nearby N60°W trending fault. Both the granodiorite
and the aplogranite contain disseminated pyrite mineralization.

Heliport prospect

Lastly, the fifth site is located about 2km south of the heliport. This area is dominated
by a brecciated granodiorite, where an impressive network of sulfide minerals, mainly
pyrite chalcopyrite along with pyrrhotite occurs as breccia cement inside the
granodiorite (Fig. 16a, b). The whole system gives the impression of a sulfide
stockwork type mineralization, with the granodiorite clasts affected by sericitic
alteration. Sulfide veinlets cross-cut quartz sheeted veins with strike N80°W.
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Fig.16: a,b) Sulfide stockwork and breccia style mineralization from the Heliport area.

V. Results
V.1.Petrography and hydrothermal alteration

It is described by previous studies (Salemnik 1985; Ducoux et al., 2017; Stouraiti et
al., 2017) that the granodiorite is distinguished in the inner/central facies and in the
outer/border facies of the intrusion. During the field campaign, samples were collected
from both the two different facies, from the Chora and Koutalas areas, respectively.
Moreover, samples were taken from the southeastern part of the island where the
aplogranite is the dominant phase. A table of the mineralogical composition of these
three different rock types plus the mafic enclaves (data from Stouraiti et al., 2017)
which are dispersed along the granodiorite, is given below and the data are plotted in
Figure 17.
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Table 1: Mineral composition of igneous rocks from Serifos island. Zircon, rutile and pyrite
occur as accessory minerals and therefore they are not shown in this table

Quartz K-feldspar Plagioclase Biotite  Hornblende Titanite Apatite

Inner granodorite 12-19% 10-15% 34-47% 15-16% 5-10% 2-5% <5%
Outer granodiorite  20-26%  14-19% 37-43% 9-15% 3-6% 2-5% 5%
Mafic enclaves 6% 8% 44% 6,50% 35% <5% <2%
Aplogranite
(this study) 25-30%  32-43% 15-27% <5% <2% <2% 2-5%
O .
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Fig.17: Composition of the four igneous rock types in Serifos island projected on a QAPF
diagram (Streckeisen, 1974) . Within the granodiorite, a progressive fractionation may have
been the cause for the formation of the outer granodiorite from a more mafic primitive magma
(its composition corresponds to the mafic enclaves). Another scenario proposed is the
crystallization of the external facies of the granodiorite, then followed by the crystallization of
the internal facies by a different chamber recharge event from a more primitive, less evolved
source feeding the central part of the magma chamber. The aplogranite presents a more felsic
monzogranite-syenogranite composition either from a further fractionation of the granodiorite
or corresponding to a completely different magma from a different source.

The inner facies is composed mainly of quartz (12-19 %), plagioclase (34-47 %), K-
feldspar (10-15 %), biotite (15-16 %) and hornblende (5-10 %), while titanite, apatite,
zircon, rutile, and pyrite occur as accessory minerals. The plagioclase crystals are zoned
with a more calcium-rich (labradorite) core surrounded by a sodium-rich (oligoclase)
rim (Fig. 18c) and are partly replaced by secondary sericite, chlorite and calcite (Fig.
18e). Most of the K-feldspar crystals remain fresh and appear subhedral and
equigranular with characteristic perthitic texture in the K-feldspar.

Two different generations of biotite have been observed. The first generation contains
large phenocrysts (0,5-1cm) of primary magmatic biotite (Fig. 18a), partly or in a few
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cases completely replaced by secondary amphibole, biotite and chlorite, while in the
least altered crystals, apatite inclusions along with needle-shaped rutile crystals can be
observed. The primary biotite may present tectonic features like kink bands or kink
lamellae (Fig. 18d). The second biotite generation contains aggregates of secondary
hydrothermal biotite crystals 0,1-0,5 mm (Fig. 18f). Hornblende phenocrysts (Fig. 18b),
0,5-2,5 mm, appear mostly fresh, while in some cases they are partly replaced by
secondary amphibole (actinolite), and biotite (Fig. 18f, g). Titanite crystals, 0,1-0,4
mm, occur mostly fresh, in a few cases along with smaller hornblende and biotite
crystals in veinlets within the granodiorite (Fig. 18j).

Secondary chlorite and calcite (Fig. 18h) occur as veins cross-cutting the previously
mentioned hornblende-biotite-titanite veins or replacing primary silicate minerals such
as plagioclase and biotite. The chlorite+calcite veins are located along fractures within
the granodiorite, are 0,2-0,3 mm wide and appear with three different types a) chlorite
veins b) calcite veins and c) veins with calcite centerline and chlorite margin.

No significant amounts of ore minerals were found in the central part of the
granodiorite, except from a few disseminated pyrite and chalcopyrite crystals in the
Chora area. Due to oxidation of chalcopyrite, supergene malachite and azurite formed
in near-surface conditions
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Fig. 18: Microphotographs of the inner (central) granodiorite in the Chora area: a) Primary
biotite crystal partly replaced by chlorite; b) Primary hornblende crystal with biotite inclusion
c) Primary plagioclase with characteristic oscillatory zoning; d) Kink banded biotite; e)
Secondary amphibole and sericite partly replacing the plagioclase anorthite-rich core; f)
Assemblage of secondary biotite crystals; g) Assemblage of secondary biotite and amphibole
crystals; h) Calcite-chlorite veinlet with calcite centerline; j) Secondary veinlet consisting of
amphibole and titanite within the inner part of the granodiorite. (Bi=biotite, Hbl= hornblende,
Cc= calcite and Chl= chlorite)

During this study, both the outer facies of the granodiorite at Koutalas-Ganema and the
aplogranite located in the southeastern part of the island were examined. As it is
mentioned above, the granodiorite has a more felsic composition from the core to the
margin and consists mainly of quartz (20-26 %), plagioclase (37-43 %), K-feldspar (14-
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19 %), biotite (9-15 %), hornblende (3-6 %), while apatite, zircon, rutile, titanite as long
as opague minerals occur as accessory minerals (Table 1; Fig. 17).

The most interesting feature about this outer part of the granodiorite, is the intense sodic
alteration that has taken place in the area. Specifically, most of the K-feldspar has been
replaced by secondary albite, while the same process has taken place in the plagioclase,
with secondary albite replacing the more An-rich core. This alteration is related to the
veins of hydrothermal quartz, which occur all over the outer granodiorite area.
Significant amount of hydrothermal shreddy biotite was found too. The secondary
biotite (Fig. 19a, f, h) are 0,2-0,5 mm large, occur mostly as assemblages and they
replace primary biotite or hornblende phenocrysts. The primary biotite (Fig. 19b) shows
similar features with those found in the inner facies like kink bands and kink lamellae.
Primary hornblende and titanite (Fig. 19c and d, respectively) preserve their original
texture. Secondary actinolite has partly replaced plagioclase in some cases (Fig. 199).

Summarizing, it is obvious, that there is a widely extended sodic-calcic alteration all
over the outer part of the granodiorite. Chlorite and chlorite-calcite veins are rare in
contrast with the inner part, while large quartz ore-bearing sheeted veins are common.
The ore mineralogy and petrography of those veins will be discussed below.

The southeastern part of the island is dominated by gneisses with metabasite
intercalations of the Continental Basement Unit (CBU). In this area, the aplogranitic
intrusive body is composed mainly of quartz (25-30 %), K-feldspar (32-43 %),
plagioclase (15-27 %) and biotite (<5 %), while monazite, allanite, zircon and pyrite
occur as accessory minerals (Table 1; Fig. 17). In contrast with the outer granodiorite,
both the K-feldspar and the plagioclase are almost unaltered with no traces of secondary
albite replacement. The sericitization of K-feldspar is rare (Fig. 20a) but increases in
intensity towards the veins of hydrothermal quartz which occur all over the aplogranite.

Small (0,2-0,4 mm) biotite crystals occur as crystals assemblages within the
aplogranite. Furthermore, allanite and monazite crystals (Fig. 20b) are widespread
along the plutonTiny zircon inclusions occur within K-feldspar crystals (Fig. 20c).
Secondary amphibole has replaced primary biotite (Fig. 20d, ) while in some cases
secondary chlorite replacing primary biotite is present (Fig. 20f). The K-feldspars
seems quite fresh, although in some cases are partly sericitized (Fig.20f). Disseminated
pyrite mineralization is also present and will be discussed below.

On the contrary, the aplogranite, exposed in the central part of the island in Kefala Hill
area, is altered, where primary K-feldspars have been partly replaced by sericite.
Disseminated pyrite crystals also occur, surrounded by supergene jarosite halos and
veins.
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Fig. 19: Microphotographs of the outer (margin) part of the granodiorite: a) Secondary
hydrothermal biotite assemblage; b) Primary magmatic biotite crystal and albitisized
plagioclase (the sodic-alteration is more intense to the core); c) Primary hornblende crystal; d)
Primary titanite; e) Partly albitized and sericitized plagioclase; f) Secondary shreddy biotite
with fresh K-feldspar and quartz; g) Secondary amphibole (actinolite) replacing plagioclase; h)
Secondary shreddy biotite along with partly sericitized and albitized plagioclase and K-
feldspar. (Bi= biotite, Hbl= hornblende. Spn= titanite)
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Fig. 20: Microphotographs of the aplogranite from the Sotiras area: a) Sericitized K-feldspar;
b) Primary allanite crystal (red mineral) with fresh quartz and K-feldspar; ¢) Zircon inclusion
inside K-feldspar; d) Altered primary biotite replaced by secondary amphibole; e) Secondary
amphibole crystals; f) Chloritized biotite and sericitized K-feldspar from the aplogranite.

The contact between the granodiorite and the aplogranite at Ganema, is characterized
by abundant primary biotite (Fig. 21 a,b), hornblende phenocrysts (Fig. 21 c, d,f) and
primary titanite (Fig. 21 e). Primary hornblende crystals have been partly replaced by
secondary hydrothermal biotite (Fig. 21g, h). The aplogranite intrudes the granodiorite
indicating its younger age. The K-feldspar in the granodiorite is almost entirely replaced
by secondary albite, while in the aplogranite the K-feldspar remains unaltered. Most of
the plagioclase in the granodiorite maintains its original texture and is characterized by
an anorthite-rich core and albite-rich margin. The biotite, hornblende and titanite are
magmatic in origin and maintain their original phenocrystic texture. Apatite inclusions
are preserved in the primary biotite crystals.
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at Ganema: a,b) Primary magmatic biotite; c,d) Primary magmatic hornblende; e) Primary
magmatic titanite; f) Primary hornblende with biotite inclusion; g,h) Secondary
hydrothermal biotite and amphibole crystals.
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V.2. Ore mineralogy

As mentioned above, there are five different sulfide-bearing areas within both the
Serifos granodiorite and the aplogranite.

In the Chora area disseminated pyrite and chalcopyrite mineralization is present, and
also secondary malachite and azurite were found.

In the Koutalas Bay area in the outer part of the granodioritethe sheeted quartz vein
system consists of 15 sheeted veins. They are composed of quartz (20-70%) as a main
gangue mineral, pyrite (5-60%) as a main ore mineral and chalcopyrite (2-5%) as a
minor ore mineral. Pyrite crystals include pyrrhotite along with cubanite and
chalcopyrite in grains of up to 50 um (Fig. 22a-d). This paragenesis is a typical indicator
of high-temperature hydrothermal deposits (Yang et al., 2009). Chalcocite surrounding
pyrite, and needle-shaped covellite surrounding chalcopyrite are supergene minerals
resulting from oxidation of chalcopyrite (Fig. 22e-i). The discovery of the granodiorite-
hosted pyrite-chalcopyrite mineralization in the Koutalas area is of great importance,
since both minerals are also present in the neighboring skarn bodies and have identical
composition with the same sulfides inside the skarn deposit (see following chapters and
discussion). Keeping that in mind, it is suggested that the granodiorite was the main
source of metals that form the skarn deposit in the southwestern part of the island.

In the Sotiras Bay Area the disseminated mineralization inside the aplogranite consists
almost entirely of pyrite. The pyrite crystals are <50 um comprising less than 10% of
the aplogranite’s volume. They are surrounded by chalcocite halos, suggesting the
former presence of minor chalcopyrite in the mineralization. Voudouris et al. (2010)
also reported on the presence of molybdenite accompanying pyrite from this area.

In the Kefala Hill area, in the central part of the island, the ore mineralization is
associated with an aplogranite body intruding the border facies of the granodiorite.
Similarly to the third mineralized site, disseminated-style pyrite mineralization is
observed. Pyrite is surrounded by goethite.

In the Heliport area, a sulfide stockwork and breccia body crop out with quartz (15-
70%) as gangue mineral, pyrite (20-65%) as the main ore phase and chalcopyrite (2-
5%) as a minor ore phase. Inside the pyrite, only inclusions of chalcopyrite are
observed, while pyrrhotite and cubanite inclusions are absent. Quartz includes small
(20-100 um) crystals of anatase, brookite, titanite and zircon, indicating the significant
presence of Ti in this mineralization (Fig. 22j-I).
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Fig. 22: Microphotographs of ore minerals in the various intrusion-hosted mineralization at
Serifos (reflected light). (a to d) Pyrrhotite (Po) and cubanite (Cbn) inclusions in pyrite from
the sheeted vein system in Koutalas Bay; e,f,g,h) Chalcopyrite crystals surrounded by bluish
needle-shaped covellite and greyish chalcocite; i) Chalcocite surrounding pyrite crystals (j, k)
Disseminated titanite (Spn) and anatase (Ant) crystals from the sulfide stockwork-style
mineralization in Heliport area; (I, m) Bismuth sulfosalt and native bismuth from the Heliport
area with Ti-oxides (anatase) and titanite; n) Disseminated pyrite from the Kefala area inside
the aplogranite. The pyrite is surrounded by secondary jarosite.

V.3. Mineral identification (Raman Spectroscopy)

In the sheeted veins at Koutalas, the presence of chalcocite instead of goethite was
testified. The chalcocite is supergene in origin and surrounds pyrite and sometimes
chalcopyrite grains. Covellite is only found in vein number 15 which is characterized
by larger chalcopyrite crystals than the other veins.

In the Sotiras area, where the aplogranite is the dominant rock type, large (>200 pm)
allanite crystals occur. Those crystals are characterized by high relief and intense green
and red color (Fig. 20b). All the three polymorphs of TiO> (rutile, anatase, brookite)
were found in the area, along with edenite and grunerite which is a ferrous iron-rich
amphibole with the formula type Fe7SigO22(OH)2 (isomorph series with
cummingtonite).

Finally, in the Heliport area, where the sulfide stockwork mineralization occurs, the
presence of brookite and anatase was confirmed along with the presence of zircon and
titanite.

31



V.4. SEM-EDS determinations

BSE images taken by SEM at the University of Athens are shown below. These include
mostly silicates from the outer granodiorite at Koutalas, the aplogranite in the Sotiras
and Kefala areas and the contact between them at Ganema.

Within a fresh biotite, small titatnite inclusions occur (Fig. 23a). K-feldspar from both
the granodiorite and the aplogranite, contains small (20-30 um) zircon inclusions (Fig.
23b, d). Although no analysis has been done for the determination of the origin of these
zircon crystals, they are believed to be primary and correspond to the last stages of the
magma fractionation. Foliated biotite crystals are usual in the outer aplogranite (Fig.
23c). Within the aplogranite, ilmenite crystals occur instead of magnetite along with
small zircon crystals (Fig. 23e, f, g). This body is characterized by disseminated pyrite
mineralization, sometimes with chalcopyrite inclusions (Fig. 23h) as discussed above.
Moreover, small (<100 um) inclusions of monazite and tiny (<20 pum) inclusions of an
unknown UO2 mineral phase also occur (Fig. 23i). Finally, needle-shaped rutile crystals
form a sagenite-type network within biotite crystals in the Sotiras area (Fig. 23k). The
chemical composition of this undefined mineral has been testified via an EDS analysis.

Primary biotite, is characterized by the presence of small (20-30 um) elongated titanite
and apatite inclusions, especially within the granodiorite. Within the aplogranite,
primary titanite and apatite are absent while ilmenite crystals surround primary biotites
along with sagenite-type rutile crystals. This difference in the mineral composition
between granodiorite and applogranite may be another evidence for the existence of
two different magmas, one more oxidized, magnetite-type for the formation of the main
granodioritic body and another one more reduced, ilmenite-type for the formation of
the aplogranite.
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Fig. 23: Back-scattered electron (BSE) images of silicates from the granodiorite, the aplogranite
and the contact between them: a) Titanite (Spn) inclusion in biotite (Bt) in the outer
granodiorite; b) Primary zircon (Zrn) inclusion in K-feldspar (Kfs) in the outer granodiorite; c)
Foliated biotite from the outer granodiorite; d) Rhombohedral zircon inclusion in K-feldspar
from the aplogranite, Sotiras area; e) Biotite (Bt), ilmenite (Ilm) and zircon grains from the
aplogranite, Sotiras area; f,g) Magnification from the previous image; h) Pyrite (Py) with a
chalcopyrite (Ccp) inclusion from the aplogranite, Sotiras area; i) Monazite and an undefined
U-rich mineral from the aplogranite, Sotiras area; j) Monazite (Mnz) from the aplogranite in
contact with the granodiorite, Ganema area; k) Sagenite-type network with needle-shaped rutile
inside biotite within the aplogranite, Sotiras area.
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V.5. Mineral chemistry (EMPA data)

The chemical composition of primary and secondary K-feldspar, plagioclase, biotite,
hornblende, titanite and apatite is reported in Tables 2 to 5 and all data are plotted in
Figures 24 to 28. Most of the analyzed crystals, have zones of different chemical
composition and thus two or three micro-analysis were conducted in every crystal, the
first in the core, the second (where present) 200 um from the core and the third one 400
um from the core, in the rim of each crystal.

Feldspar

It has been already mentioned that a wide zone of a sodic alteration appears in the
outer part of the granodiorite. As a result, the great majority of the feldspars are altered.
This process, called albitization, is the result of the reaction between the primary
feldspars and the sodium-rich hydrothermal fluids. The reaction can be simply
described as follows:

KAISi>0g + SiO2 + Na" = NaAl2Siz0s + K*

K-feldspar Albite for the K-feldspar
and
CaAl;Siz0s + SiO2 + Na* = NaAl2SizOs + Ca*
Anorthite Albite for the plagioclase

In Koutalas-Ganema area, where the outer granodiorite is present, the majority of both

K-feldspars and plagioclase crystals have been replaced by secondary albite. In the K-
feldspars case, the albitization has been occured via hydrothermal fluids circulation
within cracks along the crystals. The same mechanism can be proposed for the
plagioclase crystals, plus that in this case the Ca-rich core has been replaced by
secondary albite while the originally Na-rich rim is not so reactive with the fluidg (see
also fogures 29-33 from the CL chapter). Some crystals are almost entirely replaced by
secondary albite, while some crystals appear almost fresh keeping the primary high
proportions of Or for the K-feldspars and An for the plagioclase. Fresh K-feldspars
have similar proportion of Or in the core and in the rim of the crystal, about 90-95%,
while fresh plagioclase have an andesine core composition (50-55 % An) and an
oligoclase rim composition (25-35% An) (Fig. 22).

Within the aplogranite in the Sotiras area, the K-feldspar is fresh with similar chemical
composition along the crystal and 80-90 % Or proportion. On the contrary, secondary
albite is also present in the plagioclase crystals (figure 32, CL chapter) .

The chemical composition for K-feldspars and plagioclase along with binary diagrams
describing the albiti are shown in Table 2 and Figure 2
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K-feldspar Albitization
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Fig.24: Diagrams describing the albitization for a) K-feldspars and b) from plagioclase. K-
feldspars from the aplogranite are unaltered and therefore they preserve their primary
composition

Biotite

Primary biotite phenocrysts along with hydrothermal shreddy biotite grains from the
granodiorite were analyzed from two different sites. The first one is Koutalas area very
close to the sheeted veins, while the second one is located in the Ganema beach, where
the granodiorite is intruded by the biotite-poor aplogranite body. In every grain
analyzed, two micro-analyses were conducted, the first one in the center of the crystal
and the second one in the rim, although no important differences in the chemical
composition were observed. The criteria used for the discrimination between primary
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and hydrothermal biotite are based mostly on textural features. Primary, magmatic
biotite is well-shaped, forming phenocrysts >500 um and appears individually within
the granodiorite. Hydrothermal, shreddy biotite forms smaller, subhedral, often
aggregated crystals.

The chemical composition of Serifos biotites is presented in Table 3, and ploted in the
Alwotaivs Fe/(Mg/Fe) binary diagram (Fig. 25) and in the correlation diagrams of
MgO/FeOrtotal, MgO/TiO», F/CI vs F,F/Cl, XMg/Si and Ti/Si (Fig. 26). The majority of
the analyzed crystals are projected along the border between Annite and Phlogopite in
the Aliotaivs Fe/(Mg/Fe) binary diagram (Fig. 25). The hydrothermal biotites, seem to
have lower Fe/(Mg+Fe) ratio than the primary biotites, while the Al remains stable.

Biotite Classification

1,000
Annite Siderophyllite

0,800

= 0,600
o ° )
% : L, la ® Primary-Grnd
% hn 4 ® Hydrothermal-Grnd
= 0,400 Primary-Contact
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0,200
Phlogopite Eastonite
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Fig. 25: Biotite classification using the Al vs Fe/(Mg+Fe) binary diagram. Note that all
analyzed primary biotite crystals are projected in the field of annite, while the hydrothermal
biotites are projected along the border between the annite and the phlogopite fields.

No significant differences on the major element mineral chemistry between the
primary and the hydrothermal crystals were observed. The primary biotites from both
sites seem to have higher FeOroar and lower MgO proportions (Fig. 26 a,b). All the
other oxides, SiO2, TiOz, Al203, CaO and MnO along with the alkalis Na2O, K20 are
in the same concentration in the two types of biotite. The hydrothermal biotite from
Ganema have the highest Cl content, > 0,6 wt. %, while the chlorine content from both
primary and hydrothermal biotite remain constant. Generally, biotites from the
Koutalas area have higher halogen content than those from the Ganema area. The
hydrothermal biotite from Koutalas area, seem to have Xmg>2,5 but the same TiO>
contents with primary biotite (Fig. 26b). As far as the halogen content is concerned,
hydrothermal biotite from the Koutalas area has the highest F and F/CI values (Figs.
26d and, e respectively), while no significant differences are shown on the Xwmg/Si and
Ti/ Si diagrams.
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Fig. 26: Correlation diagrams of (a) MgO/FeOt (b) XMg vs TiO- (d) F/CI vs F(e) F vs CI (f)
XMg/Si and (g) Ti/Si of primary and hydrothermal biotite from Koutalas (Granodiorite) and
Ganema area (contact).

Amphibole

Primary amphibole crystals from the outer part of the granodiorite in the Koutalas area,

as well as crystals from the contact between the granodiorite and the aplogranite in the
Ganema area, were analyzed. The primary amphibole crystals are euhedral, >500 um
large. Like the previous analyses conducted on feldspar and biotite, two points per
crystal, one in the core and another in rim were made.

The chemical composition of the analyzed amphibole crystals is reported in Table 4
and the data are plotted in Figures 27 and 28.

All analyzed amphiboles are classified as calcic amphiboles, which means that they
present high, >1,5 (Ca,Na) and low, < 0,5 Na and (Mg,Fe,Mn,Li) contents. Specifically,
the amphiboles from the outer part of the granodiorite (Koutalas) are classified as
actinolite because they present the following features: a) Na+K < 0,5; b) Si > 7,5; c)
0,5 < Mg/(Mg+Fe) < 0,9. In this area, all analyzed amphiboles have a core rich in Mg
and Ca and poor in Al, Na and K, while Ti and Mn contents remain constant from core
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to rim. The opposite trend is observed from rim to core, where the rim seems more
enriched in Na, K and Al and poor in Mg and Ca. One specific crystal is classified as
actinolite in the core and as anthophyllite, from the Mg-Fe-Mn-L.i group, in the rim,
due to the decrease of Ca and the increase of Fe.

On the other hand, the amphiboles from the contact between the granodiorite and the
aplogranite (Ganema) are classified as magnesio-hornblende because they present the
following features: a) Na+K > 0,5; b) 6,5<Si< 7; and ¢) Mg/(Mg/Fe) = 0,491-0,556.
Consequently, these amphiboles have more alkalis (Na+K) and less Si than those from
the outer granodiorite. They also have a more Mg-rich core and a Fe and Al-rich rim,
while the alkalis as well as Ca, Mn and Ti remain constant from along the core-rim
direction (Fig. 27).

It is obvious that there are two different varieties of amphiboles in Serifos, each one
related to a different type of rock in a different location. The intrusion of the aplogranite
within the granodiorite, as it is revealed in the Ganema area, may has caused the
formation of an alkali-rich amphibole along the contact. This event may be connected
with the formation of secondary albite, replacing K-feldspar in Koutalas area, so a
possible model indicating an alkali-rich hydrothermal fluid moving from the
aplogranite in the southeastern part to the granodiorite to the western part should be
discussed (Fig. 28).
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Table 4: Chemical composition of amphibole from Koutalas and Ganema areas.

Sample X9 1 X917 XY918  XY223 W24 X6 X227 X228 X298 X210
8102 54990 58450 55510 51760 46,740 - 45,000 44920 45460 45450 45240 45330
Ti02 0,000 0040 0025 035 1055 1309 1479 L12 1372 L174 1,000
AR03 1271 7500 LI81 3090 5820 §.020 8740 7450 8070 8090 8110
Fe203

Fe0 8,060 4120 7170 12680 18580 18,680 16200 16910 16,580 16,880 17,030
MnO 0,124 0087 0148 0298 0835 0672 0423 0525 0426 0463 0427
MgO 18400 12220 19070 14080 10940 10,120 11360 11250 11480 11210 11,300
Ca0 12,700 §860 12810 12040 10290 10690 11,130 10590 10820 11,050 11,100
Na20 0,120 0309 013 0477 1390 Lo 1860 1570 1760 1,710 1,630
K20 0,073 4040 0080 0183 0572 0674 0670 0543 0622 0614 0,606
H20

Na20+K20 0,193 4349 0216 0660 1962 2384 2530 2113 2382 2324 2236
Totals 95,738 95,626 96,130 94964 96222 96875 96,782 95450 96,580 96431 96,533
Si 7801 8181 7900 7688 7136 6856 6774 6952 6865 6861 6868
Ti ooo0| 0004 0003 om0 o1 0150 0168 0133 0156 0134 0114
Al 0215 1237|0198 osal 1047 1440 1553 133 147 1M6 1448
Fet3 o000, 0000 0000 0000 0000 0000 0000 0000 0000 0000 0,000
Fet2 0967 0482 0853 1575 231 2380 2043 2163 2094 2141 2158
Mn 0015|0010 0018 0037 0,08 0087 005 0068 0055 005 0055
Mg 3936 2550 4046 3118 249 209 2554 2565 2585 25 255
(a 195 1329 1953 1916 1683 1745 1798 175 151 17% 180
Na 0033 0084|008 ol 04l 0505 054 0466 0515 0503 0479
K 0083 0720 0015 005 o1t 031 019 006 010 0119 0117
H 2000 20000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Mg/(Mg+Fe) 0,803 0841 0826 0864 051 0491 055 0543 0552 058 0542
Gromn _ Calcic  Maenesium _Calcic Calcic Calcic Calic  Calic  Caleic  Caleic  Calcic
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Fig.27: Diagram of SiO; vs (Na,O+K;0) from the Koutalas and Ganema amphiboles. The one
analysis with high concentration of alkalis, corresponds to anthophyllite, forming in the rim of
actinolite.
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Fig. 28: Amphibole classification diagram. Note the two different types of amphibole detected:

actinolite from the outer part of the granodiorite in Koutalas and magnesiohornblende from the
contact between the granodiorite and the aplogranite in Ganema
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Titanite

Titanite was found in the outer granodiorite in Koutalas and in the granodiorite-
aplogranite contact in Ganema and its chemical composition is reported in Table 5.

TiO2 varies between 31,25 and 35,86 wt %, SiO» varies between 29,5 and 30,66 wt
%, while CaO content ranges from 26,9 to 28,53 wt %. Al>Os is less than 3,77 wt %,
while FeO is between 0,73 and 1,81 wt%. Small amounts (0,02-0,11 wt. %) of alkalis
(K20 > Na20), have been also detected. To sum up, MnO and MgO are less than 0,05
wt. %. The F content ranges from 0,98 to 1,80 wt%. No significant differences are
observed in the chemical composition of titanite from those two areas
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Table 5: Chemical composition of Titanite from Koutalas and Ganema areas

Area Koutalas Koutalas Koutalas Koutalas Koutalas Ganema Ganema Ganema Ganema
Sample XY _9 24 XY 9 44 XY_9 45 XY_9 46 XY_9 47 XY22 11 XY22_12 XY22_14 XY22_15
Si02 30,420 30,380 30,390 29,500 30,550 30,510 30,450 30,630 30,660
Tio2 34,780 34,110 33,810 31,250 33,290 35,860 34,240 33,350 34,180
Al203 2,680 3,760 3,770 2,480 3,240 1,863 2,960 3,640 3,580
FeO 1,265 0,730 0,832 1,620 1,810 1,160 1,278 1,252 0,889
MnO 0,000 0,000 0,000 0,017 0,030 0,000 0,000 0,000 0,000
MgO 0,000 0,000 0,000 0,000 0,047 0,000 0,000 0,000 0,037
Cao 28,020 28,530 27,370 25,520 26,900 28,140 27,990 28,280 28,260
Na20 0,000 0,028 0,000 0,000 0,000 0,025 0,044 0,000 0,019
K20 0,000 0,035 0,077 0,025 0,106 0,026 0,075 0,019 0,000
F 1,480 1,610 1,800 1,240 1,720 0,978 1,510 1,480 1,290
Cl 0,000 0,040 0,000 0,043 0,055 0,026 0,042 0,028 0,000
Li20* 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
H20* 3,359 3,313 3,191 3,193 3,188 3,602 3,329 3,358 3,481
Subtotal =~ 102,004 102,536 101,240 94,888 100,936 102,190 101,918 102,037 102,396
O=F,Cl 0,623 0,687 0,758 0,532 0,737 0,418 0,645 0,629 0,543
Total 101,381 101,849 100,482 94,356 100,200 101,773 101,272 101,408 101,853
F/Cl 40,250 28,837 31,273 37,615 35,952 52,857

Si 4,492 4,457 4,506 4,665 4,560 4,492 4,502 4,516 4,492
Aliv 0,466 0,650 0,659 0,462 0,570 0,323 0,516 0,633 0,618
Al vi 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
Ti 3,863 3,764 3,770 3,717 3,737 3,971 3,808 3,698 3,766
Cr 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
Fe 0,156 0,090 0,103 0,214 0,226 0,143 0,158 0,154 0,109
Mn 0,000 0,000 0,000 0,002 0,004 0,000 0,000 0,000 0,000
Mg 0,000 0,000 0,000 0,000 0,010 0,000 0,000 0,000 0,008
Ca 4,434 4,485 4,348 4,324 4,302 4,440 4,435 4,468 4,436
Na 0,000 0,008 0,000 0,000 0,000 0,007 0,013 0,000 0,005
K 0,000 0,007 0,015 0,005 0,020 0,005 0,014 0,004 0,000
OH* 3,309 3,243 3,156 3,368 3,174 3,538 3,283 3,303 3,402
F 0,691 0,747 0,844 0,620 0,812 0,455 0,706 0,690 0,598
cl 0,000 0,010 0,000 0,012 0,014 0,006 0,011 0,007 0,000
TOTAL 17,412 17,461 17,401 17,390 17,429 17,381 17,445 17,472 17,435
Y total 4,019 3,853 3,873 3,933 3,977 4,114 3,966 3,852 3,883
X total 4,434 4,500 4,363 4,329 4,322 4,452 4,461 4,471 4,442
Al total 0,466 0,650 0,659 0,462 0,570 0,323 0,516 0,633 0,618

Mn/Mn+Fe¢ 0,000 0,000 0,000 0,011 0,017 0,000 0,000 0,000 0,000
Mg-Li 0,000 0,000 0,000 0,000 0,010 0,000 0,000 0,000 0,008

Ti/Fe
Luhretal. -35373 -20,447 -23,600 -51,370 -54,045 -31,309 -36,342 -36,562 -24,985
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V.6. Cold Cathodoluminescence (CL)

Cold cathodoluminescence petrography was used characterization and discrimination
of the main alteration styles, affecting the granodiorite and the aplogranite. The results
have shown the following:

In the Koutalas area, where only the granodiorite is present, there is a widely extended
sodic alteration, where most of the K-feldspar and some calcic plagioclase crystals have
been replaced by secondary albite. In the CL images, the K-feldspar has a light blue
color, the primary basic plagioclase has a light green color and the secondary albite has
a brownish-yellow color. Very few K-feldspar crystals remain unaltered in this area,
while the albitization occurs mainly from the center to the rim as previously mentioned
(Fig. 29). The hydrothermal quartz presents a deep blue-violet color compared to the
light blue primary quartz.

In the Sotiras area, where only the aplogranite is present, the rock-forming minerals
look fresh (Fig. 30). Clearly, the proportion of K-feldspar in this area is higher than the
one in Koutalas, which is an indicator of the different composition of the aplogranite
generally. The fresh K-feldspar and plagioclase have oscillatory zoning of primary
origin, which is shown very clearly in the CL images (Fig. 31). Specifically, light blue
K-feldspar occurs in the center of each crystal with dark blue-purple K-feldspar in the
margins. For the K-feldspar, the center of the analyzed crystals corresponds to a more
albite-rich composition named as Zone 1 (Ab >10%), going to an albite-poor Zone 2
(Ab <10%) and returns to the first albite-rich composition in the rim named as Zone 3.
For the plagioclase, the center is dominated by a light green colour, while the margin is
dominated by dark green colour (Fig. 32). The origin of these zonation is not studied
here. In the Sotiras area, similarly to Koutalas (see above) primary quartz crystals have
a lighter blue color compared to the hydrothermal vein-type quartz, whose color is
darker blue.

In the Ganema area the aplogranite intrudes the granodiorite. The CL image of a sample
taken from this area, shows the aplogranite in the center showing no sodic alteration
and unaltered K-feldspars and plagioclase crystals, surrounded by the altered
granodiorite in which most of K-feldspar and plagioclase have been replaced or partly
replaced by secondary albite (Fig. 33). This image helps us understand that the
emplacement of the aplogranite into the granodiorite must have succeeded the sodic
alteration in the granodiorite, otherwise the aplogranite must have been affected too.
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Fig.29: CL image of the sodic-altered granodiorite. Brownish secondary albite is widely
extended in the whole image, having replaced primary plagioclase and primary K-feldspars
with light green and light blue colour respectively. The hydrothermal quartz vein in the left side
of the image has a darker blue colour than the primary quartz.

Fig.30: CL image of the unaltered aplogranite from Sotiras area. Both the plagioclase and the
K-feldspar are fresh showing oscillatory zoning (see following figure).
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Fig.31: Magnification of the previous CL image (aplogranite sample, red squares). Three
distinctive zones within one K-feldspar crystal, with different CL colours. Zone 1 and zone 2
have the same dark blue colour, while zone 2 has a lighter blue, maybe due to the differentiation
of the chemical composition during the crystal growth.
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Fig.32: Magnification of the previous CL image (aplogranite sample, black square). A fresh
plagioclase crystal with an anorthite-rich core (light green colour), going to a more albite-rich
margin (brown-colour). No albitization is observed here, like in Koutalas area where the
alteration was more intense in the center of the crystals.

Fig.33: CL image from the intrusion of the aplogranite into the granodiorite in Ganema area.
The aplogranite seems unaltered, while the granodiorite is widely altered. As a result, the
alteration of the granodiorite must have been succeeded by the intrusion of the aplogranite.
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V.7. Fluid inclusion analysis

Fluid inclusion petrography

Fluid inclusion analysis was conducted on quartz from both the sheeted veins within
the granodiorite in the Koutalas area and the aplogranite-hosted quartz veins in the
Sotiras area. Scans in transmitted light of double polished sections used for the
microthermometric measurements are presented in Figure 34.
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Fig. 34: Transmitted light scans of doubled polished sections used for fluid inclusion study: a-
c) Samples from sheeted veins at Koutalas. Pyrite occurs mainly as distinct zones within the
quartz vein either fresh (a, b) or oxidized (c); d) Quartz vein with no sulfides present from the
granodiorite in the Koutalas area (not analyzed in this study). The granodiorite is intensely
albitized; e) Quartz vein crosscuting the aplogranite from the Sotiras area. The aplogranite is
partly altered, with secondary sericite partly replacing K-feldspar.
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The main goal of the fluid inclusion analysis during this study is to find out under
which P-T-X conditions the ore minerals inside the granodiorite and aplogranite have
precipitated. Such information would be useful to establish the potential genetic
relationship between granitoid-hosted mineralization and the main skarn deposit in the
western part of the island. On the other hand, fluid inclusion analysis from the
aplogranite might be a useful tool to compare all mineralization styles hosted in the
igneous rocks.

As it is previously mentioned, a quartz ore-bearing sheeted-vein system occurs in the
Koutalas area. In order to figure out the temperature and the pressure under which the
ore minerals have been precipitated, as well as the composition of the hydrothermal
fluid responsible for this mineralization, a fluid inclusion analysis of the quartz from
the veins was conducted. Following the criteria of Roedder (1984), most of the
inclusions analyzed are primary, as they occur in distinct growth zones within the
crystal, while some of them occur isolated (Fig. 35). Furthermore, some assemblages
comprise pseudosecondary inclusions, as they have been formed between two distinct
growth zones within the crystal. Fluid inclusions are irregularly shaped, negative crystal
shaped (Fig. 35a) or elongated (Fig. 35g,h). Their size varies between 7 and 55 pm.
Two main groups can be distinguished. The first group consist of liquid-rich fluid
inclusions with L/V ratio 5/2 or 4/1. Some of these fluid inclusions contain one salt
crystal with the same 5/2 or 4/1, L/V ratio (Fig. 35d,e). The second and less frequent
group consists of vapor-rich inclusions with L/V ratio 2/4 or even 1/4. Usually, group
1 and group 2 inclusions are found in the same assemblage, which is an indication for
phase separation (Fig. 35b, c, e).
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Fig. 35: Microphotographs of fluid inclusions from the sheeted veins system in Koutalas. a)
Negative crystal shaped liquid-rich inclusions; b,c) Liquid-rich and vapor-rich inclusions as an
indicator of boiling; d,f) Liquid-rich and liquid-rich with salt crystal inclusions; e) Coexistence
of the two groups, indicating boiling process; g,h) Droplet-shaped pseudo-secondary fluid
inclusions.
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At Sotiras, large quartz veins occur, in addition to the disseminated-type
mineralization hosted within the aplogranite (and the miarolitic cavities). The fluid
inclusion petrography from these veins gave similar results as in the granodiorite (Fig.
36a, c). The fluid inclusion shape varies from elongated (Fig. 36e), droplet-like to
rounded, irregular and negative crystal shape. Moreover, their size varies from <10 to
40-45 um. The three groups, described in the granodiorite occur in the aplogranite too
with very similar L/V ratios, except from the vapor-rich group where the L/V ratio is
less than 0.25 (Fig. 36). In one sample, a double-bubble CO: rich inclusion consisting
of water liquid, liquid CO2 and gas CO: (Fig. 36f), occurs into the same assemblage
with a liquid-rich, vapor-rich and hypesaline FI (Fig. 36f). In the same sample but in
another assemblage, two liquid-rich inclusions with two daughter minerals (with
greenish and blueish colors) occur along with liquid-rich and vapor-rich inclusions (Fig.
364, h). As these two types of inclusions were found only in the aplogranite, this could
be an indication of a different composition of the hydrothermal fluid and/or of different
precipitating conditions for the quartz veins between the granodiorite and the
aplogranite.
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Fig. 36: Microphotographs of fluid inclusions from aplogranite-hosted quartz veins in the
Sotiras area: a) Coexistence of liquid-rich inclusions along with liquid-rich with a salt crystal;
b) Liquid-rich with a salt crystal inclusions; c) Coexistence of liquid-rich with a salt crystal
with vapor-rich inclusions; d) Liquid-rich along with vapor-rich inclusions, indicating boiling
processes; €) Elongated pseudosecondary vapor-rich inclusions; f) Double-bubbled CO.
inclusion in coexistence with liquid-rich with salt crystal and vapor-rich inclusions; g,h) Liquid-
rich with undefined greenish and blueish daughter minerals (maybe FeCl, crystals) in
coexistence with boiling assemblage liquid-rich and vapor-rich inclusions.

Fluid inclusion microthermometry

Microthermometric analysis was conducted to fluid inclusion assemblages from both
the quartz sheeted veins in the granodiorite and the aplogranite-hosted quartz veins. The
assemblages analyzed here consists of 3-7 fluid inclusions. The fluid inclusions are
primary located either as individual assemblages or as concentrations in distinct growth
zones within the crystal. The analyzed inclusions belong to both groups described
above, including group 1 for liquid-rich inclusions and group 2 for vapor-rich fluid
inclusions. The vast majority of them, homogenized into a liquid phase. Since the main
goal of this study is to determine the conditions under which the ore minerals have been
precipitated and, if possible, the chemical composition of the hydrothermal fluid
responsible for the precipitation, the homogenization temperature (Th) along with the
temperature of the final melting of ice (Tm.ice) Were measured. For the inclusions
containing one salt crystal, the temperature of the final melting of the salt crystal (Taiss.)
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instead of Tm.ice Was measured in order to estimate the fluid salinity. Microthermometric
results are reported in Table 6 and data are plotted in Figures 36-39.

Microthermometric data from the sheeted quartz veins at Koutalas, reveal a wide range
of the homogenization temperatures, in the range from 168° to 550 °C. Most of the
inclusions homogenized between 300° and 450 °C, where the highest frequency
corresponds to a 350 °C temperature. The inclusions present a wide range Tmice between
-3,7°t0 -19,1 °C. Tuiss Of salt-saturated at room temperature inclusions (brines) varies
between 114° and 397°C. Estimated salinities range between 6,0 and 47,1 wt% NacCl
equiv.

The fluid inclusion measurements from the aplogranite-hosted quartz veins, present
similar results. The range of homogenization temperatures is from 255° to 483°C. In
this range of temperature, two subgroups can be distinguished. The first one
corresponds to low to intermediate salinity (7,17-10,49 wt% NaCl equiv.) vapor-rich
inclusions showing Tmice between -4,5 to -7 °C. The second one corresponds to high
salinity (18,96-41,49 wt% NaCl equiv.) inclusions showing Tmice from -15,4 to -20 °C
(for salinity < 22,38 wt% NaCl equiv.) and Tgiss. from 217,5 to 340,2°C for higher
salinity values. Inclusions with double-bubble CO- along with undefined greenish and
blueish daughter minerals are found in coexistence with both liquid-rich and vapor-rich
inclusions in a typical boiling assemblage. Since those two types of inclusions have not
found in the granodiorite-hosted sheeted vein system, it may be a significant difference
in the hydrothermal fluid composition between these two areas. It is also clear, that the
inclusions from the aplogranite indicate lower temperature for the formation of the
hydrothermal quartz, less than 550°C.

Table 6: Homogenization, melting of ice and halite dissolution temperatures along with
estimated salinities of quartz from both granodiorite-hosted sheeted quartz veins
(samples XY1, XY2 and XY4) and aplogranite-hosted quartz veins (XY16, XY19).

66



Sample Chip Assemblag Fluid inclusion Tmice (°C) Th (°C) Tdiss. (°C) Salinity (26)

XY 1 1 1 1 -7,6 550 11,22
2 -7,2 200 10,73

3 -5,5 550 8,55

a 480,1 232,2 33,6

2 1 1 378 200 31,87
2 336,2 243 34,25

2 1 536,2 397,1 47,12

2 310,2 301,4 38,24

3 537 345 41,94

a 313,6 309,1 38,87

XY2 1 1 1 -14,5 407,5 18,22
2 -17,6 379,1 20,67

3 -15,1 390 18,72

a -7,9 440,2 305 38,55

a 1 1 -19,1 410,2 21,75
2 -18,6 398,1 21,4

3 -16,5 426,2 19,84

s 1 1 550 199,5 31,82
2 383,7 242,7 34,19

3 326,8 206,7 32,18

XYa 1 3 1 173,5 30,61
a 1 335,3 183,6 31,06

2 317,5 289 37,33

2 1 1 -8,6 459,6 12,39
2 -3,7 361,1 6,01

3 -4,4 456,9 7,02

a -8,4 371,6 12,16

s -12,7 480,7 16,62

6 168,4 114,2 28,4

7 317,9 238,7 33,95

2 1 -5,4 8,41

2 -5,2 429,1 8,14

3 -4,8 442,5 7,59

a 320,1 187,2 31,24

s 1 1 328,5 138,6 29,21
2 319,7 200,4 31,87

3 280,2 203,1 32,02

a 296,2 216,4 32,7

XY16 3 1 1 -6,5 280 9,86
2 -17,1 255 20,3

3 329,6 340,2 41,49

a 284,3 337,8 41,22

XY19 1 2 1 -20 318,5 22,38
2 -7 372,1 10,49

3 328,4 204,8 32,08

a 348,2 207,3 32,23

s 292 210,5 32,39

3 3 1 331,1 236,9 33,88
2 308,5 250,5 34,71

3 323,1 263,3 35,52

a 1 1 -17,4 313,4 20,52
2 -4,5 a482,5 7,17

3 -15,4 336,2 18,96

a 465,4 217,5 32,78

s 1 1 334,5 241,2 34,13
2 335,3 231,4 33,55

3 332,5 258,5 35,22

a 296 302,5 38,36

The fluid inclusions measured, from both the granodiorite and the aplogranite, have
given temperatures between 200° and 550 °C, and most of them homogenized with a Ty
peak at 350 °C. Less than 10 inclusions, found only in the granodiorite gave temperatures
below 250°C and they might relate with late meteoric or meteoric-magmatic mixed
fluids. It is worth mentioning that in those low-temperature inclusions, the halite crystal,
if present, does not appear again after passing the halite dissolution temperature. This
phenomenon may be an indicator for metastable salt phases in the late stage of the
hydrothermal system.
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Fig.36: Frequency diagram of the homogenization temperatures measured. Note that most of
fluid inclusions homogenized between 300° and 550 °C, with a T peak at 350°C.
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Fig.37: Diagram of measured Th Vs Tmice for the vapor-rich inclusions and the liquid-rich
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moderate salinity inclusions (without salt crystal). Note that the inclusions from the aplogranite
show a smaller range of homogenization temperature
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Fig. 38: Diagram of measured Tn Vs Tuiss. for the high salinity liquid-rich inclusions (with a salt
crystal). Again, both the granodiorite (most of them) and the aplogranite inclusions are
projected in the same range of temperatures (250-450 ° C)

Finally, in the Ty vs Salinity diagram, we can distinguish two main groups: one high-

salinity group with salinities >25% and the second low-salinity group with salinities
<25% (Fig. 39). The fluid inclusions from both the granodiorite and the aplogranite are
projected in these two fields.
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Fig. 39: Thvs Salinity diagram of the mean values of each fluid inclusion assemblage measured.
Two main groups can be distinguished

V1. Discussion

Several studies have testified the relationship between skarn deposits and granite-
related porphyry-type deposits (e.g., Sillitoe 2010). This is the first study demonstrating
abundant sulfide mineralization within the Serifos granitoids that share some
similarities with both porphyry and reduced intrusion-related gold systems, as the later
are characterized by aqueous-carbonic fluids as those found in the aplogranite.

In the Koutalas area, and above the system of granodiorite-hosted mineralized sheeted
veins, the marbles contain skarn and carbonate-replacement mineralization, similar to
that in the western part of the island (e.g., Megalo Livadi and Koundouro), which
represent the major Fe ore deposits on Serifos. This suggest that sheeted veins may
represent feeders to the skarn-forming fluids that might have migrated both upwards
and westwards resulting in the formation of the skarn deposits. This scenario is also
supported by microthermometric data from Salemink (1985), which indicate a 260-300
°C range of temperature and high-salinities (>35%) for the hydrothermal fluids
responsible for the skarn ore deposition. These results overlap with those obtained from
this study, especially the ones from the main ore-deposit stage (temperatures from 250-
450°C).

The sheeted veins along with the extended sodic-calcic alteration in the area, although
common in the so-called reduced intrusion related systems (Figs. 3 and 40), may
characterize the deep part of a porphyry-type system at Serifos as mentioned by
Seedorff et al. (2005, 2008). According to the model of Seedorf et al. (2005, 2008),
higher levels of such systems are characterized by the presence of quartz stockwork-
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type mineralization which was not found in the study area. One possible explanation of
this absence is the erosion of the shallowest parts of the system including the quartz
stockwork system. Alternatively, this system may be in a higher altitude and therefore
has not been discovered yet. The third but less possible scenario is that the sulfide
stockwork system in the central part of the granodiorite might be related with the
shallower part of the whole porphyry system, although no quartz veins were found
there.

It is previously mentioned that, the sheeted vein system could represent possible feeder
zone for the ascending magmatic aqueous fluids responsible for the deposition of the
ore minerals within the marbles of the CBU. The skarn is distinguished into two
different stages, one prograde stage where hedenbergite, ilvaite and garnet (andradite)
with minor amounts of wollastonite and vesuvianite occur, and one retrograde stage,
where secondary magnetite, epidote, calcite, hematite, barite and quartz occur (Ducoux
et al., 2017). The retrograde stage corresponds to lower temperature and is related to
the main Fe deposit at Serifos (Salemink (1985). According to Korosidis (2019;
unpublished Master thesis) the retrograde stage at Megalo Livadi and Koundouro, is
characterized by oxides in association with scheelite, as well as sulfides (pyrite,
chalcopyrite, arsenopyrite), native elements (native gold and native bismuth) and
various Bi-sulfosalts.

This study demonstrates that the sheeted quartz veins at Koutalas include a similar ore
mineralogy with the retrograde stage of the neighboring skarn deposit at Megalo Livadi.
The main ore minerals at Koutalas are pyrite and chalcopyrite. Within the pyrite
crystals, small inclusions of chalcopyrite occur along with pyrrhotite and cubanite. As
it is previously mentioned, cubanite is characteristic for high-temperature hydrothermal
systems. Furthermore, the microthermometric analysis revealed homogenization
temperatures between 168° and 550 °C with a peak at 350 °C. Unpublished LA-ICP-
MS data in pyrite and chalcopyrite from both the sheeted veins and the skarn
mineralization at Megalo Livadi revealed identical chemical composition and strongly
suggest a genetic relationship between these types of ore mineralization.

Finally, the sulfide breccia and stockwork mineralization in the Heliport area present
some different features from the sheeted veins. Here, the ore mineralogy is more
complex with pyrite as a dominant phase in a quartz-dominated matrix. The pyrite
crystals contain no pyrrhotite and cubanite inclusions like the pyrite from the sheeted
veins. Secondary chalcocite, probably after chalcopyrite, surrounds the pyrite crystals
and bismuth sulfosalts and native bismuth, sharing similarities to the Megalo Livadi
ores (Korosidis, 2019). The presence of Bi-bearing minerals at Heliport and the already
discussed possible connection between the sheeted veins system at Koutalas and the
skarn deposit at Megalo Livadi, suggest a common source, and a unified ore system in
the whole western Serifos island. The Heliport area may correspond to a shallower part
of the pluton-related porphyry-style system where the quartz stockwork veins occur.
However, these parts are usually characterized by an extensive potassic alteration with
secondary K-feldspar and biotite and such an alteration does not exist in the area.

In the southeastern part of the island, another igneous body exists, which is called in
this study “aplogranite”. This rock consists of higher amounts of quartz and K-feldspar
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and lower amounts of plagioclase than the granodiorite, minor amounts of biotite and
apatite, while hornblende is absent. Zircon, monazite and ilmenite also occur as
accessory minerals. All these minerals are quite fresh. The aplogranite hosts a
disseminated pyrite mineralization in two different locations, the first one in the Sotiras
area in the southeastern part and the second one in the Kefala area in the central-
southcentral part. In the Sotiras area, large veins of hydrothermal quartz also occur.

For the genesis of this igneous body, two main scenarios can be proposed. The first
scenario implies its origin through fractionation from a unique magmatic source. This
primitive magma corresponds either to the inner part of the granodiorite or to the mafic
enclaves which are found dispersed within the granodiorite. Successive fractionation of
this diorite-andesite primitive magma leads first to the creation of the quartz
monzodiorite in the inner part, to the granodiorite in the outer part and to the
monzogranite-syenogranite, here called aplogranite, as the last product.

The second scenario suggests the existence of two different igneous bodies from two
different magmatic sources. The first one is the oxidized magnetite-series I-type
granodiorite, which is distinguished into one more primitive inner part in the center and
one more evolved outer part on the rim, with a clear boundary between them. The
second igneous body is one more reduced ilmenite-series more S- than I-type
aplogranite. In Koutalas area the aplogranite has been intruded within a sodic altered
granodiorite and it is further testified by the Cl images that the aplogranite has not been
affected by the sodic alteration as the granodiorite. It is obvious, that the emplacement
of the aplogranite postdates the sodic alteration of the granodiorite. This further
suggests that aplogranite magmas at Serifos, may result in a distinct style of ore
assemblages and do not form part of the same granite-related system affecting the
granodiorite.

It is suggested here, that the aplogranite-hosted mineralization shares some features
similar with the so-called reduced intrusion-related systems. Some of these features
could be the more reduced character of the rock which is testified by the presence of
ilmenite instead of magnetite, the presence of double bubble CO> fluid inclusions within
the quartz veins and a disseminated-type pyrite-molybdenite along with miarolitic
cavities mineralization. These systems are believed to be related to Au, Mo, W and Sn
deposits (Lang et al 200, Baker et al 2005) where the contribution of the lithophile
elements originated from the continental crust is of high importance.

The results from the fluid inclusion microthermometry have shown that the
granodiorite-hosted sheeted veins mineralization took place in a temperature range
from 250° to 550°C, while the hydrothermal quartz veins within the aplogranite were
formed at similar but somehow lower temperatures from 250° to 450°C. As far as the
measured salinities is concerned, two main groups can be distinguished. The first one
high-salinity group, corresponds to salinities in the range from 28 to 47 wt% NaCl
equiv. The second group corresponds to lower salinities ranging from 5 to 24 wt% NaCl
equiv. This group is here called low-salinity group. Fluid inclusions from both the
granodiorite and the aplogranite are projected in these two groups.

In order to explain the data shown above, one can assume that a single-phase magmatic
fluid separates and as a result one hypersaline liquid-rich phase and one vapor-rich low-
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salinity phase will form. As the temperature of the whole system was decreasing
(decrease of the homogenization temperature) the continuing boiling of the system lead
to a further phase separation of the liquid-rich, high-salinity inclusion into one liquid-
rich but lower salinity and one vapor-rich low-salinity groups, while simultaneously the
decrease of the temperature lead to a salinity decrease.

Another possible explanation for the coexistence of liquid-rich halite bearing- and
vapor rich fluid inclusions could be the model described by Monecke et al. (2018). In
this model, as the pluton reached the ductile-brittle transition depth (from lithostatic to
hydrostatic conditions) two fluid phases are present. The first one is a liquid-rich high-
salinity phase with one salt crystal while the second one is a vapor-rich low-salinity
phase. As the fluid moves upwards, the temperature and pressure decrease lead to a
dramatically SiO- solubility decrease and as a result quartz finally precipitates leading
to the formation of the sheeted vein system.

Taking all these into account, the existence of two different igneous bodies in Serifos
island is proposed as the main model. A supercritical liquid of low salinity may be the
original fluid for the deposition of the ore minerals inside the sheeted veins, where
phase separation could had taken place with the creation of one high-density
hypersaline liquid-rich phase and one low-density vapor-rich phase as a result. Further
phase separation of this liquid-rich phase with simultaneous temperature dropping
could lead to the deposition of the ore minerals of the sheeted veins in a 250-550°C
temperature range. The vapor-rich phase is migrating upwards as a lower density phase.
This moderate temperature liquid-rich phase responsible for the deposition of the ore
minerals of the sheeted veins could be also responsible for the deposition of the
hydrothermal quartz veins within the aplogranite in the Sotiras area. However, fluid
inclusion petrography has shown a different composition for this fluid containing in
some cases double bubbled CO; inclusions and solid phases not observed within the
sheeted veins. Therefore, a different fluid originated from a deeper and/or a more
reduced environment must be responsible for the hydrothermal activity in the area.
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V. Conclusions

. The coexistence of two different igneous bodies is proposed as the main model of this
study

. The emplacement of the aplogranite into the granodiorite is a later event than the sodic
alteration which has affected the outer granodiorite therefore, the aplogranite is a
younger body than the granodiorite

. The sheeted veins system along with the extensive sodic alteration in the Koutalas area
may represent the deeper part of one single granite-related porphyry system, where the
sulfide stockwork mineralization is either at a shallower part of the same system or it is
independent of it.

One supercritical magmatic fluid may be responsible for the deposition of the ore
minerals from the sheeted veins via phase separation, into one high-density liquid-rich
and one low-density vapor-rich phase.

. This liquid-rich fluid may be also responsible for the deposition of the ore minerals in
the southwestern skarn deposit via migration from the sheeted veins into the hosting
marbles of the Cycladic Blueschist Unit (proximal skarn).

. A hydrothermal fluid of different chemical composition (solid phases) and of different
origin (a deeper and/or a more reduced environment) might be responsible for the
formation of the hydrothermal quartz veins and the disseminated mineralization within
the aplogranite in the Sotiras area in the southeastern part of the island. This might be
a different hydrothermal system more like the intrusion-related systems which host
some of the largest Mo, W and Sn deposits in the world.

Serifos mines share some similarities to both porphyry and reduced intrusion related
gold systems (ilmenite-series igneous rocks, miarolitic cavities mineralization,
aqueous-carbonic fluids, etc).
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Fig. 40: The porphyry base metal system vs the intrusion-related Au system. Note that in the
intrusion-related system reaches higher depth (>4km) but extends in a smaller width (<3km),
while the porphyries systems generally extend in a maximum 4 km at depth but have higher
width (>5km). Another main difference between the two systems, is the different composition
of the hydrothermal fluids. Specifically, the fluids related with the intrusion-related systems are
more CO- and sometimes CHa-rich, corresponding to a more reduced and deeper environment,
than the porphyry-related fluids which tend to be more aqueous high- or low-salinity vapor or
liquid-rich (model from Sillitoe, 1995).
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