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Figure 12. Field and hand specimens photographs demonstrating occurrences/crystals of various
gemstones from Greece: (a,b) albite from Krieza, Evia Island; (c) titanite and quartz from Trikorfo,
Thassos Island; (d) vesuvianite from the Maronia skarn; (e) spinel in marble from Gorgona, Xanthi;
(f) apatite and K-feldspar from potassically-altered monzonite, Fakos, Limnos Island; (g) purple fluorite
coated with iron oxides, Ampelos, Samos Island; (h) azurite, Kamariza, Lavrion deposit; (i) blue
smithsonite within marble at the interface with Fe-oxides, Kamariza, Lavrion; (j–l) colored varieties of
smithsonite, Kamariza, Lavrion deposit; Photographs 12b,d,e,f,h are courtesy of Berthold Ottens.

5.13. Spinel

Spinel at Gorgona, Xanthi occurs either as isolated crystals or as rims around corundum. The
color of spinel ranges from blue to green and brown (Figure 12e). Transparent blue-colored octahedral
spinel crystals up to 1 cm occur at Maronia in association with phlogopite and grossular.
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5.14. Tourmaline

Tourmaline is abundant in quartz veins and lenses at Trikorfo and Thymonia/Thassos, in
black crystals (schorl) reaching up to 10 cm. However this material is not suitable as a gemstone.
Similar crystals occur in pegmatites near Nevrokopi-Drama and at Naxos Island. Nickel-bearing
brown tourmaline (dravite) accompanies corundum in the marbles at Gorgona, Xanthi and contains
up to 4.4 wt. % NiO, much higher than the Ni content reported in tourmaline from Samos and
nickeloan tourmaline from the Berezovskoe gold deposit by Henry and Dutrow [67] and Baksheev and
Kudryavtseva [68] respectively. Crystals are generally small (up to 1 cm) but are locally transparent
and of gem-quality.

5.15. Apatite, Fluorite, Azurite, Turquoise

Transparent apatite in well-shaped crystals, 1 cm long, accompany phlogopite and orthoclase in
the potassic alteration zone at Fakos, Limnos Island (Figure 12f). The carbonate-replacement deposits
at Lavrion and Serifos are well-known for large fluorite (up to 20 cm) crystals with colors varying
from blue to purple and green. Gem-quality fluorite is also found in volcanic rocks in Samos and
Lesvos Islands, where monominerallic fluorite veins cross-cut epithermally altered silicified zones and
propylitically altered lavas. The veins are banded and the voids are filled with deep violet and green
colored crystals up to 5 cm respectively (Figure 12g). Azurite associated with malachite is widespread
in the Lavrion deposit in crystals up to 4 cm as well as in large massive aggregates suitable for cabochon
cutting (Figure 12h). Turquoise in gem-quality occurs in the oxidation zone of the Vathi porphyry
Cu-Au deposit, Kilkis area [69].

5.16. Smithsonite

The Lavrion smithsonite occurs in many different forms and colorations (Figure 12i–l). Samples
have pale blue or green and yellow colors due to both solid solutions and impurities of other
minerals [11,70]. The Lavrion smithsonites were intensively exploited during the last one hundred
years with a total production of about 1.2 Mt [71]. They occur in cavities in the marbles where they
form colorful botryoidal or stalactitic aggregates and/or monominerallic bodies as cavity fillings. The
microanalyses suggest that the total content of minor and trace elements in smithsonite is relatively
low. The determined elements are Ca, Mg, Fe, Mn, Cu and Cd (Table 4).

Table 4. Fluctuation of trace element content (wt. %) of selected smithsonite samples from Lavrion
(modified after Katerinopoulos et al. [11]).

Color Ca Mg Fe Mn Cu Cd Pb
Visible

Inclusions

Yellowish white 0.1–1.3 bd 0.2–0.8 0–0.2 bd bd 0.6-1.6 -
Yellowish grey 1.1–1.8 bd 0.4–0.9 0–0.2 bd bd bd -
Light yellow 0.3–1.5 bd 0.8–1.9 0–0.2 bd bd bd -

Yellowish brown 0.2–1.5 0.3–1.8 0.3–5.8 0.3–0.5 bd bd bd Chalcophanite
Yellowish green 0.8–1.4 bd 0.4 0.3–0.5 bd 0.2 0–0.7 Greenockite
Greenish yellow 0.3 bd bd bd bd 1.1 2.3 Greenockite

Light blue 0.3–1.2 bd bd bd 0.3–2.6 0.3–0.7 bd -
Bluish white 0.6–0.9 bd bd bd 1.1–2.8 bd bd -
Light green 0.5–0.7 bd bd 0.3 0.9–3.0 bd bd -

Green 0.2–0.5 bd bd 0.2–0.3 1.3–2.4 bd bd -

As Cd2+ is colorless, the yellow (“turkey fat”) color of some smithsonites proved to be related only
to the presence of greenockite inclusions. Indeed, some samples containing Cd up to 0.7 wt. % but no
greenockite inclusions have colors other than yellow. The absence of Cu-rich impurities in blue and
green smithsonite and the relatively high amount of Cu indicate that there is a limited solid solution
between ZnCO3 and the hypothetical CuCO3 molecule (up to 3.0 wt.% Cu or 6.3 mol % CuCO3) (see
also Boni et al. [72]; Frisch et al. [73]). This is in accordance to the findings of Samouchos et al. [74] who
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suggested that the blue color in Lavrion smithsonite is due to Cu substituting for Zn in the structure.
Iron substitution of zinc is limited (up to 1.9 wt. % Fe, except for one sample) and turns the color of
smithsonite to a pale yellow. Orange and brown colors are related to impurities of Mn-Fe-Pb oxides
and hydroxides. The role of manganese is unknown as its content is very low and the influence on the
color is weak.

6. Discussion

Figure 13 represents a hypothetical schematic model, where gemstone occurrences in Greece are
related to the various geological environments (regional metamorphic-metasomatic, alpine-type fissures,
plutonic-subvolcanic intrusions and pegmatites, zones of contact metamorphism and peripheral
volcanic rocks). The hypothetical depths are speculated on the basis of geological criteria. A Late
Cretaceous (~ 81.6 ± 3.5 Ma) eclogite-facies metamorphism in the Eastern Rhodopes, confirm previous
data that multiple subduction events took place between ~ 200 and ~ 40 Ma along this section of the
southern European plate boundary [75]. In the Cyclades, following an initial compressional phase of the
Alpine Orogeny related to eclogite-facies metamorphism of the rocks at ~55–49 Ma [45,76], subsequent
exhumation of high-P rocks was accompanied by a regional Barrovian-type metamorphism that locally
reached partial melting conditions [77,78]. The onset of post-orogenic extensional deformation in the
different tectono-metamorphic terranes occurred at ~42 Ma for the Rhodope Massif and ~35 Ma for the
Cyclades [23]. These early compressional and later syn-orogenic and post-orogenic extensional events
were responsible for the formation of most gemstones found in both regional metamorphic rocks, as
well as in late alpine-fissures in Greece. For ruby and jadeite the term “Plate tectonic gemstones” has
been proposed by Stern et al. [5], since they generally form as a result of the plate tectonic processes
subduction and collision.

 
Figure 13. Hypothetical model presenting the various environments related to crystallization of
gemstones in Greece. Abbreviations: Ab: Albite, Adl: Adularia; Am: Amethyst, And: Andalusite;
Ap: Apatite; Az: Azurite; Brl: Beryl, Chd: Chalcedony, Di: Diopside, Epid: Epidote, Fl: Fluorite, Gn:
Garnet, Jd: Jadeite; Ky: Kyanite; Prs: Prase; Rdn: Rhodonite; Rds: Rhodochrosite; Sm: Smithsonite;
Spr: Sapphire, Spl: Spinel; Ttn: Titanite; Tur: Tourmaline, Ves: Vesuvianite.
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Formation of the jadeitite bodies at Syros Island involved fluid interaction in and around
serpentinized peridotite, derived from subduction zone devolatilization [27]. Rodingitization of
doleritic and gabbroic dykes in the Rhodope massif and the Pelagonian zone is associated with
metasomatic alteration processes, which resulted in the formation of garnet and vesuvianite [79].
According to Koutsovitis et al. [79], rodingitization took place during the exhumation of the
mafic–ultramafic mantle wedge rocks within a serpentinitic subduction channel.

Gem corundums in Greece cover a variety of geological environments. The pargasite-schist
hosted ruby deposit at Paranesti/Drama area and marble-hosted pink to blue sapphires in Xanthi
area occur along the UHP-HP Nestos suture zone and are classified as metamorphic s.s hosted in
mafics/ultramafics and marbles respectively [18]. At the Trikorfo area (Thassos Island, Rhodope
massif, Northern Greece), which represents a unique mineralogical locality with Mn-bearing minerals
such as kyanite, andalusite, garnet and epidote, localized metasomatic reactions occurred during
the exhumation of the HP unit locally containing layers enriched in Mn with a strong local f O2

buffering [19]. Metasomatic reactions first occurred under ductile conditions in an extensive context
close to the kyanite-andalusite stability curve and continued until purely brittle conditions as indicated
by the presence of late alpine-type veins cross-cutting the metamorphic foliation [19].

Based on the existing data, it can be proposed that the formation of the studied alpine-type
fissures in Greece and their mineralogy are closely related to the extensional tectonics accompanying
the exhumation of the metamorphic rocks. This was a favored environment for the crystallization of
gem-quality quartz and albite. A decrease in pressure and temperature around the fissures during
exhumation caused oversaturation in SiO2 and precipitation of quartz and other mineral constituents
in the fissures. Leaching of chemical components from the host rocks after their interaction with the
hydrothermal fluids could also explain fluid enrichment and deposition of alpine-type minerals in
the fissures studied. The blue sapphires hosted in metabauxites from southern Naxos and Ikaria,
fill open-spaces in fissures cross-cutting the metamorphic foliation. They display atypical magmatic
signatures indicating a hydrothermal origin and were formed during late extensional conditions.

The development of magmatic-hydrothermal and epithermal systems during the Tertiary, is
closely associated with crystallization of a large variety of gemstones. Several gemstones related to
the Tertiary magmatic activity are developed within and around the magmatic centres in W. Thrace
(Kimmeria, Kassiteres-Sapes, Maronia-Perama, Soufli-Dadia-Levkimi, Drama, Samothraki), Limnos,
Lesvos, Serifos and Milos Islands. Initial deep mineralization occurred where plutonic bodies intruded
within the basement rocks. Residual fluids, enriched in volatiles, resulted in the emplacement of
pegmatitic bodies and to crystallization of beryl (aquamarine) [80,81] and sapphires (in desilicated
pegmatites intruding ultramafic rocks) at Naxos Island. Metasomatic processes caused by the release
of magmatic-hydrothermal fluids from the intrusive rocks, led to the deposition of various gemstones
in the intrusive bodies as well as in the surrounding rocks.

The mineralization in skarns started with the deposition of anhydrous minerals, some of them of
gem-quality such as garnets, spinel, titanite and diopside, and ended in the deposition of gem-varieties
of quartz, epidote, and vesuvianite in a retrograde stage and under temperature decrease and meteoric
water incursion. Contemporaneously, magmatic-hydrothermal fluids circulating within the granitoids
were responsible for the deposition of quartz within miarolitic cavities and within quartz veins
associated with feldspar, and gemmy apatite.

Later, the systems shifted from a magmatic-hydrothermal dominated stage to a geothermal one,
due to the increasing incursion of meteoric waters. Changes in the physico-chemical conditions of
the ascending geothermal fluids were the major factors controlling the mineral deposition of the
silica varieties (quartz, amethyst, chalcedony and opal) in this geothermal-epithermal environment.
Opalized horizons in Thrace and Limnos could represent silica sinter deposition from alkali or neutral
geothermal fluids [82]. Amethyst, indicative of oxidizing conditions [83], was probably deposited as a
result of mixing of the ascending hydrothermal fluids with meteoric and/or seawater.
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Finally, gem-quality smithsonite in the supergene oxidation zone of the Lavrion/Attika
carbonate-replacement deposit, was formed as a result of reactivity of carbonate minerals with
acidic, zinc-rich solutions, derived from the destruction of sphalerite [11,84,85]. According to the above
authors, the neutralization of the acidic solutions deep in the marbles produces enough CO2 to make
smithsonite the stable phase at pH values near neutral.

All Greek corundum, especially the vivid-colored varieties, are translucent to opaque, suitable for
cabochons (Figure 14). Greek corundums are characterized by a wide color variation ranging from
deep red, pink, purple, and blue to colorless, with crystal sizes of up to 5 cm, homogeneity of the
color hues and transparency and should be further examined for their suitability as potential faceted
gemstones. Similarly, at Trikorfo/Thassos crystals of kyanite, green andalusite, garnet (grossular and
spessartine) and red zoisite–clinozoisite are large (up to several cm), show vivid colors, and are suitable
for cabochons.

 
Figure 14. Cabochon quality ruby from Paranesti Drama. Photograph courtesy of V. Melfos.

 
Figure 15. Various faceted and cabochon gemstones from Greece. Green Mn-andalusite from Thassos
(2.2 cm length) in the left, dark green epidote from Kimmeria (1.3 cm) in the center, ruby from Paranesti
(4 cm) in the right of the photograph. The rest are silica varieties. Photo courtesy of Anastasios Tsinidis.
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As such, the Trikorfo locality can be regarded as a promising area for the exploration of transparent,
facetable gemstones. Their genesis due to metasomatic reactions also underlines the important role
of metasomatism for gemstone formation in general, as previously noted in the literature [2,19].
According to Tarantola et al. [19], Thassos Island (Rhodope, Greece) can now be classified as the second
locality worldwide where Mn-rich orange kyanite is reported, after that of Loliondo (Tanzania) deposit.
Finally, silica varieties provide excellent facetable material or cabochons (Figure 15). Future exploration
in addition to detailed studies of trace and minor element chemistry using LA-ICP-MS analysis and
gemological evaluations are required in order to establish the potential for economic exploitation and
to consider them as marketable gems.

7. Conclusions

In the accretionary Hellenides Orogen, gemstones occur in various rock types of mainly four
tectonometamorphic units, the Rhodope- and the Attico-Cycladic massifs, the Pelagonian zone, and the
Phyllites-Quartzites of Crete Island. In crystalline rocks, two groups of gemstones are distinguished,
those formed during regional metamorphism and those associated with late alpine-type fissures. The
first group includes Mn-bearing silicates (Mn-andalusite, spessartine, Mn-grossular, Mn-clinozoisite,
Mn-zoisite and orange-colored Fe-Mn-kyanite) hosted in Carboniferous ortho- and paragneisses in
both Thassos and Paros Islands (Rhodope- and Attico-Cycladic massifs respectively), as well as gem
corundums in Xanthi-Drama areas/Rhodope massif and Naxos-Ikaria Islands (Attico-Cycladic massif).
In the Xanthi-Drama area, corundum mineralization (sapphires and rubies) is distributed within
marbles and eclogitic amphibolites oriented parallel to the (UHP-HP) Nestos suture zone. In the
Attico-Cycladic massif, blue sapphires are found within marble-hosted metabauxites (Ikaria and Naxos
Island). Alpine-type fissures in Greece contain gem-quality quartz (green quartz, amethyst, smoky
and colorless quartz), albite and titanite. Host lithologies are ortho- and paragneisses and metabasites
in the Rhodope- (Drama, Thassos Island) and the Attico-Cycladic (Pentelikon Mt, Evia, Ios Islands)
Massifs, and metaquartzites (Crete Island). Metamorphic/metasomatic processes within a subduction
channel, resulted in the formation of the jadeitite bodies at Syros Island and of garnet and vesuvianite
in rodingite bodies at the Rhodope massif and the Pelagonian zone.

The Tertiary magmatic-hydrothermal environments in Greece (granitoids, pegmatites, skarns
and carbonate-replacement deposits, and volcanic rocks) may also provide facet-quality material
of several species (beryl, sapphire, garnet, vesuvianite, diopside, epidote, fluorite, rhodochrosite,
quartz varieties and silica microcrystalline species). The Naxos pegmatites are prospective for
aquamarine and blue, purple to pink colored sapphires. Miarolitic cavities and quartz veins
cross-cutting granitoids (Samothraki Island, Maronia and, Kimmeria) contain gem-quality colorless
and smoky quartz. The endo- and exoskarns of Kimmeria, Kresti and Maronia (Rhodope massif),
Serifos Island (Attico-Cycladic massif) and Kos Island, host facetable grossular-andradite garnets,
vesuvianite, epidote, as well as prase and amethyst crystals. Rhodochrosite and fluorite occur in the
carbonate-replacement deposits of Olympias/Chalkidiki and Lavrion/Attika respectively. Gemstones
associated with hydrothermally-altered volcanic rocks include amethyst, chalcedony, opal, fossilized
wood and fluorite in Sapes, Soufli areas (Rhodope massif), Lesvos, Limnos and Samos Islands
(northeastern and central Aegean volcanic arc) and Milos Island (Attico-Cycladic massif-south Aegean
volcanic arc). Finally, the supergene oxidation of the Lavrion/Attika carbonate-replacement deposit
contains gem-quality smithsonite in several colorations. Future work aims towards a gemological
evaluation of the Greek gemstones and finally estimating the potential for their possible exploitation.
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