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Abstract:



Epithermally altered volcanic rocks in Greece host amethyst-bearing veins in association with various silicates, carbonates, oxides and sulfides. Host rocks are Oligocene to Pleistocene calc-alkaline to shoshonitic lavas and pyroclastics of intermediate to acidic composition. The veins are integral parts of high to intermediate sulfidation epithermal mineralized centers in northern Greece (e.g., Kassiteres–Sapes, Kirki, Kornofolia/Soufli, Lesvos Island) and on Milos Island. Colloform–crustiform banding with alternations of amethyst, chalcedony and/or carbonates is a common characteristic of the studied amethyst-bearing veins. Hydrothermal alteration around the quartz veins includes sericitic, K-feldspar (adularia), propylitic and zeolitic types. Precipitation of amethyst took place from near-neutral to alkaline fluids, as indicated by the presence of various amounts of gangue adularia, calcite, zeolites, chlorite and smectite. Fluid inclusion data suggest that the studied amethyst was formed by hydrothermal fluids with relatively low temperatures (~200–250 °C) and low to moderate salinity (1–8 wt % NaCl equiv). A fluid cooling gradually from the external to the inner parts of the veins, possibly with subsequent boiling in an open system, is considered for the amethysts of Silver Hill in Sapes and Kassiteres. Amethysts from Kornofolia, Megala Therma, Kalogries and Chondro Vouno were formed by mixing of moderately saline hydrothermal fluids with low-salinity fluids at relatively lower temperatures indicating the presence of dilution processes and probably boiling in an open system. Stable isotope data point to mixing between magmatic and marine (and/or meteoric) waters and are consistent with the oxidizing conditions required for amethyst formation.
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1. Introduction


Amethyst is a quartz variety often used in jewellery and occurs in varying shades of violet colors [1,2]. Its name comes from the ancient Greek words “a” (not) and “methystos” (intoxicated), a reference to the belief that the stone protected its owner from drunkenness. The colors of amethyst range from bluish violet to purple-violet and red-violet and its origin has been controversial for a long time [2,3,4,5,6]. According to Cox [3] as cited also in Fritsch and Rossman [4] the purple color in amethyst is due to O2− → Fe4+ inter valence charge transfer, which absorbs light in the middle of the visible region. The Fe4+ ion, at the Fe4+ site (e.g., FeO4) is formed from Fe3+ by the action of ionizing radiation and is important for the coloration of amethyst [2]. However, is remains controversial if the Fe4+ site is substitutional, e.g., [3], or interstitial [5].



Brazil is the main amethyst producer today, counting more than ten very important deposits [1,6]. Other amethyst producing countries are Mexico, Uruguay, Canada, South Korea, Russia, Zambia, Sri Lanka and India, but the best varieties of amethysts have been extracted from the central Ural mountains [1,7,8].



Amethyst is formed in igneous, metamorphic and sedimentary rocks as well as in hydrothermal veins, metasomatic and hot spring deposits [1,9,10]. Well-formed crystals occur as filling druses in various igneous rocks, such as granites, or volcanic rocks, mainly lavas. In metamorphic rocks, amethyst is a relatively common mineral in the so-called alpine-type fissures.



Greece includes several areas with major and minor occurrences of amethyst deposits [11,12,13,14,15]. These deposits are associated with magmatic-hydrothermal (e.g., skarns, volcanic rocks) and metamorphic environments of various ages. Amethyst of best quality has been found in well-formed crystals within extensional alpinotype fissures in metamorphic core complexes, which are related to tectonic exhumation of the Rhodope- and Attico-Cycladic massifs [11]. Gem quality amethyst crystals are also found in the skarn of Serifos Island, where amethyst occurs as scepter on prase quartz crystals. However, the above occurrences are of minor importance compared to the occurrences hosted in volcanic rocks, which can also be considered as potential deposits for possible future exploitation.



This study focuses on five amethyst deposits which are related to the Tertiary volcanic rocks of Greece. Three amethyst-bearing areas are located in Northern Greece (Kassiteres–Sapes, Kirki, Kornofolia), while the remaining two occur on Lesvos and Milos Islands in the Aegean Sea. Host rocks for the studied amethyst occurrences are lavas and pyroclastics of calc-alkaline to shoshonitic composition and Oligocene to Pleistocene age. This work summarizes earlier work and presents new geological, mineralogical, microthermometric and oxygen isotope data, which aim to a better understanding of the conditions of amethyst formation in the studied deposits.




2. Meterials and Methods


Thirty-five thin and ten thin-and-polished sections of amethyst-bearing veins and host rocks were studied by optical and a JEOL JSM 5600 scanning electron microscope equipped with back-scattered imaging capabilities, respectively, at the Department of Mineralogy and Petrology at the University of Athens (Greece). Quantitative analyses were carried out at the University of Athens, Department of Geology, using a JEOL JSM 5600 scanning electron microscope equipped with automated OXFORD ISIS 300 energy dispersive analysis system. Analytical conditions were 20 kV accelerating voltage, 0.5 nA beam current, <2 μm beam diameter and 60 s count times. The X-ray lines used were AlKα, SiKα, BaLα, CaKα, CeLα, KKα, FeKα, NaKα, TiKα, PKα, CrKα, MnKα, MgKα, and SrLα. The reference substances used were orthoclase, albite, and wollastonite (for K, Na, Si and Ca), pyrite for Fe, and synthetic Ti, Cr, Mn, MgO and Al2O3 (for Ti, Cr, Mn, Mg and Al).



Fluid inclusion spatial relationships and phase changes during heating/freezing runs within the inclusions were microscopically observed in a total of 20 doubly polished thin sections from Silver Hill of Sapes, Kassiteres, Kornofolia of Soufli, Kirki, Megala Therma of Lesvos Island and Chondro Vouno and Kalogries of Milos Island. Routine heating and freezing runs were performed with a LINKAM THM-600/TMS 90 stage coupled to a Leitz SM-LUX-POL microscope at the Department of Mineralogy, Petrology and Economic Geology at Aristotle University of Thessaloniki (Greece). Part of the microthermometric studies were carried out at the Institute of Mineralogy-Petrology of Hamburg University (Germany), using a CHAIXMECA heating and freezing stage. Calibration of the stages was achieved using organic reference substances with known melting points and ice (H2O). The precision of the measurements was ±0.2 °C during low-temperature measurements and ±1 °C during high-temperature measurements. The SoWat program [16] was used to process fluid inclusion data based on equations of Bodnar [17] in the system H2O-NaCl.



Stable isotope analyses were performed at the Stable Isotope and Atmospheric Laboratories, Department of Geology, Royal Holloway, University of London (UK). The oxygen isotope composition of quartz was obtained using a CO2 laser fluorination system similar to that described by Mattey [18]. Each mineral separate or standard is weighed at 1.7 mg ± 10%. These were loaded into the 16-holes of a nickel sample tray, which was inserted into the reaction chamber and then evacuated. The oxygen was released by a 30W Synrad CO2 laser in the presence of BrF5 reagent. The yield of oxygen was measured as a calibrated pressure based on the estimated or known oxygen content of the mineral being analyzed. Low yields result in low δ18O values for all mineral phases, so accurate yield calculations are essential. Yields of >90% are required for most minerals to give satisfactory δ18O values. The oxygen gas was measured using a VG Isotech (now GV Instruments, Wythenshawe, UK) Optima dual inlet isotope ratio mass spectrometer (IRMS).



All values are reported relative to Vienna Standard Mean Ocean Water (V-SMOW). The data are calibrated to a quartz standard (Q BLC) with a known δ18O value of +8.8‰ V-SMOW from previous measurements at the University of Paris-6 (France). This has been further calibrated for the RHUL laser line by comparison with NBS-28 quartz. Each 16-hole tray contained up to 12 sample unknowns and 4 of the Q BLC standard. For each quartz run a small constant daily correction, normally less than 0.3‰, was applied to the data based on the average value for the standard. Overall, the precision of the RHUL system based on standard and sample replicates is better than ±0.1‰.



Sixteen fresh rock samples from the volcanic rocks hosting amethyst were selected for whole-rock geochemical analysis. Major elements were analyzed on lithium tetraborate glass beads by X-ray fluorescence (XRF) using a Philips PW 1410 spectrometer at the Institute of Mineralogy and Petrology at Hamburg University (Germany). Detection limits for trace elements are 10 ppm for Ba, Cr, Cu, Nb, Ni, Pb, Rb, Sr, V, Y, Zn, Zr, Th, 20 ppm for La, Nd, and 25 ppm for Ce. The precision for major elements is better than ±0.4% for SiO2, ±0.13% for Al2O3 and Fe2O3, ±0.22% for MgO, ±0.10% for CaO, ±0.33% for Na2O, and 0.02%–0.04% for K2O, TiO2, P2O5 and SO3.




3. Geological Setting


3.1. Regional Geology


The Hellenide orogen formed as a result of the collision between the African and Eurasian plates above the north-dipping Hellenic subduction zone from the Late Jurassic to the present [19]. From north to south, it consists of three continental blocks (Rhodopes, Pelagonia, and Adria-External Hellenides) and two oceanic domains (Vardar and Pindos Suture Zones) [19,20], (Figure 1a). In the Aegean region, continuous subduction of both oceanic and continental lithosphere beneath the Eurasian plate since the Early Cretaceous resulted in a series of magmatic arcs from the north (Rhodope massif) to the south (Active South Aegean Volcanic Arc) [19,21], (Figure 1a). The progressive southward migration of the magmatic centres from the Oligocene magmatic belts in the Rhodope massif, through the Miocene Aegean Islands (e.g., Limnos and Lesvos Islands) to the active South Aegean Volcanic Islands (e.g., Milos) has been attributed to slab retreat in a back-arc setting [22]. In the Rhodope Massif, Late Cretaceous-Tertiary exhumation of metamorphic core complexes along detachment faults and extensional collapse was accompanied by voluminous Late Eocene to Early Miocene calc-alkaline, high-K alkaline and shoshonitic magmatism [23,24,25,26], (Figure 1a–c). It is suggested that this magmatism in the Rhodope Massif was caused by convective removal of the lithospheric mantle (lithospheric delamination) and subsequent upwelling of the asthenosphere [24,25,27]. The Tertiary magmatism in the Rhodope Massif shows a decreasing influence of crustal contamination with time and an increasing input from the mantle until the eruption of purely asthenospheric magmas [25]. On Lesvos Island, thick successions of Early Miocene calc-alkaline to shoshonitic lavas and pyroclastics of basic to acidic composition occupy large parts of the island [27], (Figure 1d). Geochemical data suggest that the volcanic rocks on Lesvos Island (similarly to those from the Rhodope area) were derived from sub-continental lithospheric mantle and/or the lower crust, with a minimal contribution from the upper crust [27].


Figure 1. (a) Simplified geological map of Greece showing the main tectonic zones and the distribution of Cenozoic igneous rocks (modified after Melfos and Voudouris [26], and references therein); (b) Geological map of Western Thrace showing locations of amethyst deposits at Kornofolia, Sapes and Kirki areas (modified after Melfos and Voudouris [26]); (c) Geological map showing the location of amethyst in the Kassiteres–Sapes area (modified after Ottens and Voudouris [28]); (d) Generalized geological map of Lesvos Island and the location of amethyst at Megala Therma (modified after Innocenti et al. [23]); (e) Generalized geologic map of Milos Island depicting the location of amethyst at Kalogries and Chondro Vouno (modified after Fytikas et al. [29]).
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Finally, on Milos Island, calc-alkaline volcanic arc activity spans a period from ~3.5 Ma to the present and originated from several emergent eruptive centers characterized by both explosive and effusive activity [29,30,31], Figure 1e). The magmatic rocks hosting amethyst mineralization are metaluminous to slightly peraluminous andesites, trachyandesites to dacites with calc-alkaline, high-K calc-alkaline to shoshonitic (e.g., Lesvos Island) character (Table 1; Figure 2). All amethyst-bearing areas host epithermal style of mineralization. They are characterized by intense hydrothermal alteration of the volcanic rocks, including adularization, sericitization, as well as propylitic, and zeolitic alteration, which are closely related to the formation of amethyst-bearing quartz veins.


Figure 2. Classification of the studied volcanic rocks hosting amethyst mineralization in Greece. (a) SiO2 vs. K2O diagram [32]; (b) Total alkali vs. silica diagram. Rock fields are from Le Bas et al. [33], whereas the boundary between the alkaline and subalkaline fields is from Irvine and Baragar [34]; (c) SiO2 vs. FeOt/MgO plot from Miyashiro [35]; (d) A/CNK vs. A/NK plot from Shand [36] discriminating metaluminous, peraluminous and peralkaline compositions. (A/NK = molar ratio of Al2O3/(Na2O + K2O); A/CNK = molar ratio of Al2O3/(CaO + Na2O + K2O)).
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Table 1. Chemical composition of volcanic rocks hosting amethyst at Kornofolia (1–3), Kirki (4–8), Kassiteres–Sapes (9–14), Lesvos (15–16) and Milos (17, from Liakopoulos [37]). Values for major oxides and trace elements are in wt % and ppm, respectively.

























	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17





	SiO2
	69.34
	68.99
	69.26
	66.40
	61.85
	64.09
	62.47
	65.23
	54.45
	54.49
	61.46
	61.41
	67.23
	65.19
	56.20
	57.21
	61.96



	TiO2
	0.46
	0.46
	0.50
	0.56
	0.59
	0.56
	0.54
	0.78
	0.75
	0.73
	0.62
	0.48
	0.48
	0.51
	0.85
	1.01
	0.66



	Al2O3
	15.54
	15.50
	15.02
	16.94
	16.36
	16.42
	16.18
	16.19
	16.78
	15.98
	17.31
	16.01
	16.01
	16.25
	18.12
	18.93
	16.57



	Fe2O3
	3.23
	3.57
	3.43
	6.14
	5.80
	5.90
	4.91
	9.42
	8.90
	6.23
	5.84
	3.48
	3.48
	4.11
	6.60
	6.26
	6.03



	MnO
	0.05
	0.06
	0.06
	0.12
	0.08
	0.08
	0.07
	0.09
	0.23
	0.13
	0.10
	0.08
	0.08
	0.11
	0.12
	0.11
	0.10



	MgO
	0.87
	1.25
	1.19
	2.56
	2.19
	2.33
	1.85
	5.42
	6.01
	3.21
	2.68
	1.63
	1.63
	2.20
	3.61
	3.87
	2.65



	CaO
	4.18
	3.52
	5.22
	5.48
	5.29
	6.07
	4.80
	9.37
	7.73
	6.04
	6.01
	4.64
	4.64
	5.20
	7.20
	5.74
	6.63



	Na2O
	3.12
	3.12
	2.56
	3.43
	3.63
	3.34
	3.35
	2.63
	2.51
	2.91
	2.92
	2.91
	2.91
	2.85
	2.94
	2.42
	3.33



	K2O
	2.94
	2.89
	2.51
	2.68
	2.11
	2.64
	2.89
	1.18
	1.93
	3.00
	2.02
	2.51
	2.51
	2.82
	3.55
	3.67
	1.61



	P2O5
	0.13
	0.14
	0.15
	0.11
	0.10
	0.10
	0.11
	0.14
	0.22
	0.14
	0.13
	0.13
	0.13
	0.12
	0.42
	0.48
	-



	Total
	99.86
	99.50
	99.99
	99.87
	99.24
	99.91
	99.93
	99.67
	99.54
	99.83
	99.04
	99.90
	99.10
	99.36
	99.61
	99.79
	99.87



	Ba
	726
	732
	462
	560
	663
	526
	627
	679
	376
	881
	809
	507
	1175
	705
	1466
	1077
	383



	Ce
	61
	65
	43
	74
	52
	58
	62
	43
	-
	32
	38
	87
	55
	64
	139
	120
	-



	Cr
	6
	5
	8
	14
	12
	12
	12
	10
	89
	135
	40
	20
	10
	19
	16
	34
	-



	Ga
	14
	17
	17
	16
	18
	14
	18
	14
	19
	14
	15
	10
	-
	14
	22
	21
	-



	La
	28
	39
	26
	58
	23
	35
	39
	27
	-
	16
	29
	38
	13
	46
	88
	57
	-



	Nb
	6
	5
	2
	7
	5
	6
	6
	7
	4
	5
	8
	6
	8
	8
	-
	2
	-



	Nd
	28
	27
	20
	25
	24
	23
	24
	17
	9
	14
	15
	4
	16
	25
	55
	50
	-



	Pb
	23
	30
	52
	25
	20
	19
	22
	21
	-
	27
	24
	20
	30
	17
	28
	24
	14



	Rb
	86
	75
	50
	61
	55
	49
	56
	76
	34
	35
	202
	75
	128
	88
	131
	132
	34



	Sc
	11
	10
	14
	22
	11
	24
	21
	16
	-
	-
	-
	-
	-
	-
	16
	24
	-



	Sr
	273
	281
	345
	264
	321
	318
	296
	281
	393
	309
	320
	297
	353
	341
	942
	748
	215



	Th
	8
	12
	3
	8
	8
	10
	4
	9
	5
	7
	11
	13
	18
	13
	15
	19
	-



	U
	5
	9
	12
	2
	1
	5
	5
	5
	-
	-
	-
	0
	-
	-
	1
	8
	-



	V
	87
	95
	96
	153
	141
	152
	138
	133
	237
	221
	160
	121
	91
	111
	160
	179
	118



	Y
	22
	25
	22
	25
	32
	26
	22
	24
	27
	25
	27
	28
	20
	22
	24
	25
	-



	Zr
	122
	113
	112
	144
	145
	144
	137
	135
	89
	84
	147
	115
	113
	128
	208
	202
	-










3.2. Local Geology


3.2.1. Northeastern Greece (Sapes, Kirki and Kornofolia)


In northeastern Greece, amethyst mainly occurs in three epithermally altered volcanic environments of Oligocene age, namely at Kornofolia, Kassiteres–Sapes and Kirki areas [11,12,38,39], (Figure 1b,c). At Kassiteres, deep-violet amethyst occurs within colloform and crustiform banded epithermal quartz-chalcedony veins (up to 1 m thick), crosscutting mostly sericitic and K-feldspar (adularia) altered andesitic/dacitic lavas and pyroclastics (Figure 1c and Figure 3a,b). The amethyst in the veins is often accompanied by gangue adularia (Figure 4a).


Figure 3. Field photographs and hand specimens of volcanic-hosted amethyst in Greece. (a) Boulder of dark violet amethyst alternating with chalcedony from Kassiteres, Sapes area; (b) Amethyst crystals from Kassiteres area; (c) Alternations of amethyst with chalcedony from Silver Hill, Sapes area; (d) Amethyst crystals overgrown on chalcedony within a cavity of dacite, Kornofolia area; (e) Amethyst crystals from Kornofolia area; (f) Veinlets of amethyst and calcite crosscutting zeolite-altered lavas in Kirki area; (g) Prismatic amethyst from Megala Therma, Lesvos Island; (h) Amethyst crystals associated with barite from Chondro Vouno, Milos Island; (i) Short prismatic amethyst crystals from Kalogries, Milos Island.
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Figure 4. Microphotographs showing mineralogical assemblages of amethyst-bearing veins (a) Adularia (Adl) in association with amethyst (Am) from Kassiteres area (transmitted light, plane polarized); (b) Clinoptilolite-Ca (Cpt), including pyrite (Py), and calcite (Cal) that overgrow amethystine quartz (Am) fill cavities of dacitic lavas characterized by plagioclase (Pl) and disseminated crystals of apatite (Ap) and magnetite (Mag), Kornofolia area (SEM-BSE image); (c) Cavity filled with analcime (Anl), then calcite (Cal), which is rimmed by chalcedony (Cha), with final deposition of amethyst (Am), Kirki area (SEM-BSE image); (d,e) Amethyst (Am) is rimmed or crosscut by calcite (Cal), dolomite (Dol) and barite (Brt), Lesvos Island (SEM-BSE images); (f) Barite (Brt) included in amethyst (Am) from Milos Island (SEM-BSE image).
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In the northern part of the area, massive amethyst-chalcedony boulders (up to 2 m × 2 m) occur within the “Silver Hill” conglomerate formation, which is probably a phreatomagmatic maar-diatreme breccia [40], (Figure 1c and Figure 3c). In both localities, amethyst may also form hexagonal prismatic crystals (up to 3 cm in length), sometimes developing atop a lower part composed of smoky quartz. Prismatic amethyst crystals are rare. The presence of silicified wood within the tuffs hosting amethyst veins at Kassiteres–Sapes area, and the observation that the amethyst veins crosscut the fossilized wood [41], indicate probably a very shallow environment for amethyst deposition.



In Kornofolia area, amethyst-bearing veins are hosted within zeolite-altered to fresh dacitic lavas (Figure 1b and Figure 3d). The quartz veins are composed of an external chalcedony layer, followed by deposition of coarse-grained quartz towards the vein centre. Open spaces are filled by short prismatic amethyst crystals up to 3 cm in length. In some veins amethyst is missing and vugs are filled by botryoidal or stalactitic pinkish chalcedony. Smectite, zeolites and calcite are accessory minerals both within the veins and in the wall rocks (Figure 4b). Similar to Kassiteres–Sapes area, in the broad Kornofolia area, the amethyst-chalcedony veins crosscut fossiliferous limestone reefs and silicified wood hosted in volcano-sedimentary layers, thus suggesting a very shallow submarine to transitional environment [41], and accordingly a very shallow depth of amethyst formation, probably close to the seafloor.



Unaltered to zeolite-altered lavas of dacitic composition are the host rocks of chalcedony-amethyst bearing NNW-trending veins at Kirki area, in a locality resembling that of Kornofolia (Figure 1b and Figure 3f). Open spaces within the veins are filled by up to 1 cm long amethyst crystals and/or clear quartz. Amethyst in the veins is associated with the zeolites laumontite, heulandite, and analcime, and with platy calcite (Figure 4c).




3.2.2. Lesvos Island


In the northern part of Lesvos Island, the Megala Therma locality consists of NNE- and NW-trending amethyst-bearing epithermal veins crosscutting propylitic or sericitic altered andesitic lavas of the Lower lava unit (Figure 1d). The veins are banded and brecciated. They are composed of amethystine quartz, carbonates, chlorite and fluorite. Idiomorphic amethyst crystals up to 10 cm in length mostly occur in the centers of the veins. The amethyst crystals resemble those from Mexico with typical Muzo-type habit [11,13,15]. Sceptre and window forms are very common (Figure 3g). The Megala Therma amethyst was formed in the flanks of the Stypsi stratovolcano and probably under shallow depth. This conclusion may be derived from the fact that similar amethyst veins crosscut the central parts of the Stypsi caldera (some km to the south of Megala Therma), and about 150 m beneath a subhorizontal shallow-level advanced argillic lithocap, corresponding to the paleowater table approximately at the time of amethyst formation [42].




3.2.3. Milos Island


The Island of Milos represents a Plio-Pleistocene volcanic edifice with shallow submarine to subaerial, dacitic to rhyolitic subvolcanics, lavas and pyroclastics hosting epithermal-style precious- and base metal mineralization related to quartz-chalcedony veins [31]. Amethyst is present in two localities, namely the Chondo Vouno and the Kalogries area (Figure 1e). In both areas, amethyst is found within banded quartz-chalcedony-barite veins crosscutting sericitic and adularia altered rhyolitic subvolcanic bodies (Chondro Vouno) and propylitic lavas of dacitic composition (Kalogries). The veins display typical epithermal features (colloform-crustiform banding) and reach a thickness of up to 2 m and a length of several tens of meters [31,43]. Chalcedonic quartz is deposited on both sides of the vein walls and is followed by the formation of amethyst crystals (reaching up to 3 cm in length at Chondro Vouno) in the center of the veins (Figure 3h,i). Amethyst in Kalogries area (Figure 3i) is overgrown by late botryoidal aragonite. A very shallow submarine to subaerial environment of amethyst formation at Kalogries is evidenced by the presence of fossilized vertabrates within volcanoclastic material overlying the lavas, which are crosscut by the quartz-chalcedony veins [44]. We suggest that amethyst at Kalogries formed at, or just below the seafloor level, at a water depth not exceeding 100 m.






4. Mineralogy and Mineral Chemistry


Amethyst in the veins is accompanied by various mineralogical associations, suggesting specific conditions of crystallization. Quartz (var. amethyst) and chalcedony are by far the most abundant minerals in the veins, while other vein minerals include carbonates, barite, zeolites, chlorite, adularia and in minor amounts pyrite, smectite, goethite and lepidocrocite (Figure 4). Microanalyses are presented in Table 2 and the mineral-chemical data are plotted in terms of binary and ternary diagrams (Figure 5).


Figure 5. (a) Binary Fetotal-Si classification diagram of chlorite from Lesvos amethyst deposit (after Hey [45]); (b) Ternary Ca-Mg-Mn plot for calcite and dolomite associated with amethyst from Kirki, Kornofolia and Lesvos Island; (c) Binary plot ((K + Na)/(Ca + Na + K)) versus (Si/Al) of zeolites accompanying amethyst; (d) Ternary Ba-K-Na plot of zeolites related with amethyst.



[image: Minerals 08 00324 g005]





Table 2. Representative chemical microanalyses of silicates and carbonates associated with amethyst: 1–3: adularia (Kassiteres); 4, 5: chlorite (Megala Therma, Lesvos); 6, 7: calcite, dolomite (Lesvos); 8: calcite (Kornofolia); 9: calcite (Kirki); 10, 11: clinoptilolite-Ca (Kornofolia); 12, 13: heulandite-Ba (Kornofolia); 14, 15: analcime (Kirki); 16: laumontite (Kirki); bd = below detection limit, na = not analyzed, Ctn = cations.
























	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16





	SiO2
	66.15
	65.63
	65.77
	30.41
	31.50
	na
	na
	na
	na
	66.36
	67.56
	53.27
	53.48
	56.38
	55.12
	51.36



	Al2O3
	17.92
	18.19
	18.30
	17.60
	19.65
	na
	na
	na
	na
	11.69
	12.31
	13.37
	13.97
	20.85
	20.51
	21.28



	FeO
	0.03
	bd
	0.01
	20.48
	19.81
	0.08
	1.93
	0.12
	0.36
	0.11
	0.10
	1.01
	0.39
	bd
	0.02
	bd



	MgO
	na
	na
	na
	17.15
	17.83
	0.16
	18.06
	bd
	0.08
	bd
	0.08
	0.29
	0.02
	0.08
	bd
	bd



	MnO
	na
	na
	na
	0.37
	0.39
	bd
	bd
	0.82
	0.45
	bd
	0.09
	0.05
	bd
	0.04
	bd
	bd



	CaO
	bd
	0.01
	bd
	0.71
	0.45
	50.03
	29.53
	49.00
	49.24
	3.95
	4.38
	0.55
	0.50
	0.04
	0.11
	10.37



	Na2O
	0.04
	0.08
	0.26
	0.63
	0.65
	na
	na
	na
	na
	0.90
	0.68
	0.66
	0.90
	10.97
	11.52
	0.59



	K2O
	16.13
	16.54
	15.99
	0.04
	0.19
	na
	na
	na
	na
	1.97
	1.64
	1.88
	4.18
	0.05
	bd
	0.89



	SrO
	na
	na
	na
	0.86
	0.11
	bd
	0.18
	0.01
	bd
	2.33
	1.59
	0.79
	1.87
	0.43
	0.58
	1.10



	BaO
	0.03
	0.20
	0.55
	na
	na
	na
	na
	bd
	bd
	0.52
	0.29
	15.97
	14.66
	bd
	bd
	0.14



	Total
	100.33
	100.65
	100.88
	87.64
	90.60
	50.27
	49.7
	49.95
	50.13
	87.84
	88.72
	87.87
	90.56
	88.80
	87.86
	85.73



	Atoms
	8(O)
	8(O)
	8(O)
	28(O)
	28(O)
	1(Ctn)
	2(Ctn)
	1(Ctn)
	1(Ctn)
	72(O)
	72(O)
	72(O)
	72(O)
	96(O)
	96(O)
	48(O)



	Si
	3.03
	3.02
	3.01
	6.23
	6.20
	-
	-
	-
	-
	29.61
	29.52
	27.27
	26.82
	33.72
	33.60
	16.14



	Al
	0.97
	0.98
	0.99
	4.24
	4.55
	-
	-
	-
	-
	6.12
	6.30
	8.10
	8.28
	14.76
	14.76
	7.86



	Fe3+
	0.00
	0.00
	0.00
	0.24
	0.32
	0.00
	0.05
	0.00
	0.01
	0.00
	0.00
	0.45
	0.18
	0.00
	0.00
	0.00



	Fe2+
	0.00
	0.00
	0.00
	3.24
	2.90
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Mg
	-
	-
	-
	5.22
	5.22
	0.01
	0.90
	0.00
	0.00
	0.00
	0.09
	0.18
	0.00
	0.00
	0.00
	0.00



	Mn
	-
	-
	-
	0.07
	0.07
	0.00
	0.00
	0.01
	0.01
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Ca
	0.00
	0.00
	0.00
	0.11
	0.11
	0.99
	1.05
	0.99
	0.98
	1.89
	2.07
	0.27
	0.27
	0.00
	0.12
	3.48



	Na
	0.00
	0.01
	0.02
	0.25
	0.25
	-
	-
	-
	-
	0.81
	0.54
	0.63
	0.90
	12.72
	13.56
	0.36



	K
	0.94
	0.97
	0.94
	0.04
	0.04
	-
	-
	-
	-
	1.08
	0.90
	1.26
	2.70
	0.00
	0.00
	0.36



	Sr
	-
	-
	-
	0.11
	0.00
	0.00
	0.00
	-
	-
	0.63
	0.36
	0.27
	0.54
	0.12
	0.24
	0.18



	Ba
	0.00
	0.00
	0.01
	-
	-
	-
	-
	-
	-
	0.09
	0.09
	3.24
	2.88
	0.00
	0.00
	0.00









Adularia is present as vein and wallrock alteration mineral in Kassiteres and Silver Hill at Sapes, as well as at the Chondro Vouno amethyst deposits. In the K-feldspar alteration zones, adularia usually replaces plagioclase, primary clinopyroxene and amphibole of the volcanic host rocks. In the veins, adularia forms idiomorphic crystals (Figure 4a), overgrows amethyst crystals or can be present as inclusions in amethystine quartz. Microanalyses revealed a stoichiometric composition for the adularia from Sapes area, with Ba up to 0.7 wt %, substituting for K. A small percentage of Na2O (up to 0.32 wt %) also substitutes for K (Table 2).



Chlorite occurs in minor amounts in the amethyst-bearing veins at Megala Therma in association with carbonates and barite. It is a common mineral in the propylitic altered lavas hosting the amethyst, where, in conjunction with carbonates and sericite, it replaces pyroxene and hornblende phenocrysts. Microanalyses of vein chlorite are presented in Table 2. The Lesvos chlorites are classified as pycnochlorite and diabantite (Figure 5a).



Calcite and dolomite accompany amethyst at Megala Therma, Lesvos Island, Kornofolia and Kirki (Figure 4b–e). In the last two localities, calcite pre- and/or postdates amethyst in the veins (Figure 4b,c). At Megala Therma, the amethyst crystals are overgrown and crosscut first by dolomite and then by calcite and barite (Figure 4d,e). Microanalyses indicated up to 18.1 wt % MgO and 1.93 wt % FeO substituting for Ca in the dolomite (Table 2). Minor amounts of Mn (MnO up to 0.8 wt %) and Sr (SrO up to 0.2 wt %), are detected in calcite from Kornofolia and Lesvos, respectively (Table 2, Figure 5b).



Barite accompanies amethyst in the veins of Kalogries and Chondro Vouno, where it pre- or postdates amethyst deposition. At Kalogries, it can also be found as inclusions in amethyst and chalcedony (Figure 3f). The Milos barite contains up to 3.41 wt % SrO, substituting for Ba in the structure. It also occurs in minor amounts at Megala Therma and in the Kassiteres and Silver Hill amethyst occurrences.



Clinoptilolite-Ca and heulandite-Ba at Kornofolia, and analcime, laumontite and heulandite at Kirki are closely related with amethyst in the veins (Figure 4b–d). At Kornofolia, a chalcedony layer overgrows zeolitized wallrocks followed by deposition of amethyst, then by heulandite-Ba included in clinoptilolite-Ca [46,47] and finally calcite (Figure 4b). Deposition in the Kirki veins started with alternations of thin layers of quartz, smectite, laumontite and heulandite, then analcime and calcite, followed by chalcedony, and finally by amethyst, which forms short prismatic crystals in the centre of the veins (Figure 4c). Microanalyses of clinoptilolite indicated an almost stoichiometric composition, with relatively elevated contents of Ca and K corresponding up to 4.6 and 2.4 wt %, respectively (Table 2). The analysed heulandite-Ba from Kornofolia revealed variable cation contents with K (K2O up to 4.2 wt %) substituting for Na and relatively high Ba contents (BaO up to 15.97 wt %), corresponding to 3.24 apfu. Microanalyses of analcime from Kirki revealed stoichiometric compositions with a stable (K + Na)/(K + Na + Ca) ratio close to 1, whereas the Si/Al ratio shows a small variance between 2.0 and 2.4 (Table 2, Figure 5c,d).



Pyrite and smectite at Kornofolia and Kirki predate amethyst in the veins, whereas goethite and lepidocrocite are included in amethyst at Chondro Vouno [48].




5. Fluid Inclusions


5.1. Morphology and Types of Fluid Inclusions


Fluid inclusions were studied in amethysts from all localities apart from Kirki where the samples did not contain any inclusions. The samples contain clear, sometimes strained, granular euhedral amethystine quartz crystals. These crystals were formed filling open spaces in colloform and crustiform banded epithermal veins of the volcanic rocks. Chalcedony often forms an external selvage along the veins. Fluid inclusions in amethyst occur mainly close to the external rather than the internal part of the crystals in the veins where they are more scattered.



Fluid inclusions were studied in the amethysts on the basis of the criteria introduced by Roedder [49], Van den Kerkhof and Hein [50], and Goldstein and Reynolds [51], such as shape similarity, size diversity, constant liquid to vapour ratios and the occurrence along growth zones. All studied fluid inclusions are two-phase aqueous liquid–vapour (Figure 6a) with almost constant liquid–vapour ratios (~10 volume % vapor in Silver Hill, Megala Therma, Chondro Vouno and Kalogries, and ~20 volume % vapor in Kassiteres and Kornofolia). During microthermometry analysis, they homogenized to the liquid upon heating.


Figure 6. Photomicrographs of fluid inclusion populations from the studied amethysts under plane polarized light. (a) Primary two-phase liquid-rich fluid inclusion (Kornofolia of Sapes, sample AS1); (b) vapor-rich fluid inclusion with leakage phenomena due to “stretching” processes (Megala Therma of Lesvos, sample LS1); (c) deformed and stressed vapor-rich fluid inclusions along healed micro-cracks of amethyst (Megala Therma of Lesvos, sample LS1); (d) primary FIA suitable for microthermometry along a growth zone and a close-up photo showing two-phase fluid inclusions (Megala Therma of Lesvos, sample LS3); (e) pseudosecondary (ps) two-phase liquid-rich inclusions crosscut by later secondary (s) inclusions (Kalogries of Milos, sample ML2); (f) a FIA which includes a group of fluid inclusions formed under the same temperature and pressure (Megala Therma of Lesvos, sample LS1). L liquid phase, V vapour phase, FIA Fluid inclusion assemblage.
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Post-entrapment phenomena, such as necking down or leakage of fluid inclusions, were observed in most localities. Liquid- or vapour-only fluid inclusions in Soufli, Lesvos and Milos arranged along healed fractures possibly show a significant post-entrapment modification due to leakage. Necking and leakage phenomena were observed in the amethysts of Kassiteres, Soufli, Lesvos and Chondro Vouno of Milos producing a significant amount of vapour (Figure 6b,c). These inclusions are characterized by variable liquid to vapour ratio.



All inclusions affected by post-entrapment modifications are frequently found along healed micro-cracks of amethyst grains (Figure 6c) due to mechanical intracrystalline strain, as described by Audétat and Günther [52], Tarantola et al. [53,54], Diamond and Tarantola [55], and Stünitz et al. [56]. Volume changes of the inclusions are probably attributed to a “stretching” process which may lead to multiple micro-fractures that induce leakage of fluid inclusions after trapping and expanding of the vapour phase [57,58] (Figure 6b). These inclusions were avoided in this study. Furthermore, post-entrapment “stretching” processes destroyed the fluid inclusions in amethysts from Kirki; therefore, no workable inclusions were found in the amethysts from this site. The impact of post-entrapment modifications on amethyst inclusions was minimized by selecting only regularly-shaped inclusions with constant liquid to vapour ratios.



Most fluid inclusions are arranged in clusters or along trails. The trails underline either crystal growth zones (Figure 6d) demonstrating a primary origin of the inclusions, or occur within the grains along healed intragranular micro-cracks as pseudosecondary inclusions (Figure 6e) as a result of fracturing during growth of the crystals. The studied fluid inclusions have a maximum length of 75 μm but mostly ranges between 6 and 20 μm. The largest inclusions occur in Megala Therma amethysts. Isolated inclusions with negative-crystal shape are rare.



Fluid inclusions were evaluated based on fluid inclusion assemblages (FIAs; Figure 6f). A FIA defines a group of coeval and cogenetic fluid inclusions that trapped a fluid of the same chemical composition [51]. This implies that they were formed under the same temperature and pressure conditions. Amethysts contain three well defined types of FIAs with primary, pseudosecondary and secondary inclusions. The primary origin of FIAs in the studied amethysts is identified by the parallel groups of fluid inclusions along the growth zones and crystal faces (Figure 6d).



In addition to the primary FIAs, pseudosecondary fluid inclusion assemblages were also used for microthermometry as they represent fluids which were incorporated before amethyst growth was complete [59]. They were trapped in intragranular fractures caused by internal stresses in the host crystal due to rapid growth or by external rock stresses which are mechanically transferred to the host crystal. Pseudosecondary FIAs are arranged along trails which are crosscut by secondary fluid inclusions, interpreted to be older in age (Figure 6e).



Secondary inclusions are distributed along trails and planes in healed microfractures and are interpreted as late, post-dating amethyst crystallization. Besides their relation with host-crystals, pseudosecondary and secondary inclusions are difficult to distinguish. In the studied samples the secondary inclusions did not have constant volumes thus resulting in highly variable microthermometric data, especially Th. This was interpreted as probably due to the post-entrapment refilling of the fluid inclusions with a single phase in the area of intersection, as it was described by Goldstein [59]. These inclusions are interpreted as secondary and as a consequence they do not represent the original fluid trapped during amethyst formation and were not considered in the further discussion.




5.2. Microthermometry


Microthermometric results of the studied fluid inclusions are summarized in Table 3. The primary inclusions trapped along growth zones and the pseudosecondary trails show similar homogenization temperatures (Th) and salinities. Freezing of the fluid inclusions hosted within the studied amethysts revealed apparent eutectic temperatures (Te) between −22.5 and −21.0 °C, indicating that the dissolved salt is dominated by NaCl with very likely the presence of KCl [60].


Table 3. Homogenization temperatures and salinity of fluid inclusions in volcanogenic amethysts from Greece. Salinities were calculated based on equations of Bodnar [17] in the system H2O-NaCl. (FI = fluid inclusion; FIA = fluid inclusions assemblage; L = liquid phase, V = vapour phase; equiv = equivalent; n = number of microthermometric analyses in each FIA; n.a. = not analysed).





	
Sample

	
Location

	
FI Types

	
FIA

	
Th (°C)

	
Tm(ice) (°C)

	
Salinity (wt % NaCl equiv)






	
ASH, KP627

	
Silver Hill, Sapes

	

	

	
High Th (°C)

	

	




	
L + V → L

	
FIA 1

	
201–219 (n = 5)

	
−0.9 to −0.6 (n = 5)

	
1.1 to 1.6




	
L + V → L

	
FIA 2

	
205–212 (n = 4)

	
n.a.

	
-




	
L + V → L

	
FIA 3

	
205–215 (n = 3)

	
−1.0 (n = 1)

	
1.7




	
L + V → L

	
FIA 4

	
207–218 (n = 5)

	
n.a.

	
-




	
L + V → L

	
FIA 5

	
218–230 (n = 4)

	
−1.1 to −0.7 (n = 5)

	
1.2 to 1.9




	

	

	
Low Th (°C)

	

	




	
L + V → L

	
FIA 6

	
189–190 (n = 5)

	
−1.2 (n = 3)

	
2.1




	
L + V → L

	
FIA 7

	
189–200 (n = 3)

	
−1.1 to −0.5 (n = 3)

	
0.9 to 1.9




	
L + V → L

	
FIA 8

	
190–203 (n = 5)

	
n.a.

	
-




	
288, 347, 900, 494, 886, 888, 495, 812, 363, 818

	
Kassiteres

	

	

	
High Th (°C)

	

	




	
L + V → L

	
FIA 1

	
238–243 (n = 3)

	
−1.6 to −1.3 (n = 2)

	
2.2 to 2.7




	
L + V → L

	
FIA 2

	
244–263 (n = 13)

	
−1.1 to −0.8 (n = 11)

	
1.4 to 1.9




	
L + V → L

	
FIA 3

	
252–258 (n = 9)

	
−1.1 to −0.7 (n = 6)

	
1.2 to 1.9




	
L + V → L

	
FIA 4

	
267–275 (n = 9)

	
−0.9 to −0.7 (n = 6)

	
1.2 to 1.6




	

	

	
Low Th (°C)

	

	




	
L + V → L

	
FIA 5

	
211–227 (n = 5)

	
−1.2 to −0.7 (n = 5)

	
1.2 to 2.1




	
L + V → L

	
FIA 6

	
218–227 (n = 6)

	
−0.6 (n = 3)

	
1.1




	
L + V → L

	
FIA 7

	
218–234 (n = 7)

	
−1.8 to −1.7 (n = 5)

	
2.9 to 3.1




	
L + V → L

	
FIA 8

	
225–234 (n = 5)

	
−1.7 to −0.3 (n = 3)

	
0.5 to 2.9




	
L + V → L

	
FIA 9

	
229–239 (n = 6)

	
−1.2 to −0.5 (n = 5)

	
0.9 to 2.1




	
SF2, AS1

	
Kornofolia, Soufli

	
L + V → L

	
FIA 1

	
191–205 (n = 5)

	
−2.7 to −1.2 (n = 5)

	
2.1 to 4.5




	
L + V → L

	
FIA 2

	
191–212 (n = 6)

	
n.a.

	
-




	
L + V → L

	
FIA 3

	
194–219 (n = 8)

	
−2.4 to −1.4 (n = 8)

	
2.4 to 4.0




	
L + V → L

	
FIA 4

	
206–220 (n = 6)

	
−2.4 to −1.9 (n = 3)

	
3.2 to 4.0




	
L + V → L

	
FIA 5

	
211–223 (n = 5)

	
n.a.

	
-




	
LS1, LS3

	
Megala Therma, Lesvos isl.

	

	

	
High Th (°C)

	

	




	
L + V → L

	
FIA 1

	
235–245 (n = 7)

	
−2.8 to −2.7 (n = 5)

	
4.5 to 4.7




	
L + V → L

	
FIA 2

	
236–246 (n = 9)

	
−2.6 to −2.5 (n = 2)

	
4.2 to 4.4




	
L + V → L

	
FIA 3

	
236–246 (n = 5)

	
−2.7 to −2.5 (n = 3)

	
4.2 to 4.5




	
L + V → L

	
FIA 4

	
238–241 (n = 3)

	
n.a.

	
-




	

	

	
Low Th (°C)

	

	




	
L + V → L

	
FIA 5

	
219–229 (n = 6)

	
−2.9 to −2.2 (n = 6)

	
3.7 to 4.8




	
L + V → L

	
FIA 6

	
219–235 (n = 8)

	
−2.4 to −2.1 (n = 4)

	
3.6 to 4.0




	
L + V → L

	
FIA 7

	
219–230 (n= 6)

	
−2.9 to −2.0 (n = 6)

	
3.4 to 4.8




	
L + V → L

	
FIA 8

	
226–234 (n = 5)

	
n.a.

	
-




	
L + V → L

	
FIA 9

	
227–232 (n = 9)

	
−2.9 to −2.1 (n = 9)

	
3.6 to 4.8




	
M1

	
Chondro Vouno, Milos isl.

	

	

	
High Th (°C)

	

	




	
L + V → L

	
FIA 1

	
204–211 (n = 4)

	
−5.0 to −4.2 (n = 4)

	
6.7 to 7.9




	
L + V → L

	
FIA 2

	
205–219 (n = 5)

	
−5.0 to −4.1 (n = 2)

	
6.6 to 7.9




	
L + V → L

	
FIA 3

	
205–221 (n = 5)

	
−4.7 to −4.0 (n = 4)

	
6.5 to 7.5




	
L + V → L

	
FIA 4

	
209–212 (n = 3)

	
−5.0 to −4.2 (n = 3)

	
6.7 to 7.9




	

	

	
Low Th (°C)

	

	




	
L + V → L

	
FIA 5

	
193–198 (n = 6)

	
−4.7 to −3.9

	
6.3 to 7.5




	
L + V → L

	
FIA 6

	
195–201 (n = 4)

	
−4.9 to −4.7 (n = 2)

	
7.5 to 7.7




	
L + V → L

	
FIA 7

	
196–197 (n = 3)

	
n.a.

	
-




	
L + V → L

	
FIA 8

	
196–203 (n = 8)

	
n.a.

	
-




	
M2, ML2

	
Kalogries, Milos isl.

	
L + V → L

	
FIA 1

	
190–201 (n = 5)

	
−3.1 to −2.9 (n = 3)

	
4.8 to 5.1




	
L + V → L

	
FIA 2

	
193–197 (n = 3)

	
n.a.

	
-




	
L + V → L

	
FIA 3

	
193–202 (n = 6)

	
−2.9 to −2.4 (n = 2)

	
4.0 to 4.8




	
L + V → L

	
FIA 4

	
193–204 (n = 3)

	
−2.5 (n = 1)

	
4.2




	
L + V → L

	
FIA 5

	
193–206 (n = 5)

	
−2.9 to −2.5 (n = 4)

	
4.2 to 4.8




	
L + V → L

	
FIA 6

	
196–207 (n = 4)

	
−3.4 to −2.5 (n = 4)

	
4.2 to 5.6










The temperatures of final ice melting (Tm(ice) = −1.2 to −0.5 °C) in amethyst from Silver Hill at Sapes indicate salinities of 0.9 to 2.1 wt % NaCl equiv [17,61]. Homogenization temperatures range from 188 to 246 °C (Figure 7a). A total of 8 primary or pseudosecondary FIAs were analyzed. Two-phase fluid inclusions within single FIAs homogenized within ranges of 2 to 19 °C. This consistency confirms that the inclusions are part of a FIA which trapped a single homogeneous fluid not affected by subsequent geological events [51]. These temperatures consistently decrease with decreasing age of the inclusions and host minerals. Older amethysts close to the vein walls contain FIAs that homogenized between 201 and 230 °C while younger amethysts contain inclusions that homogenized from 189 to 205 °C (Table 3). Fluid inclusions with higher or lower homogenization temperatures (Th > 230 °C or <189 °C) than the majority of the data are attributed to post-entrapment phenomena rather than heterogeneous entrapment [55,62,63]. Similar salinity and Th in fluid inclusions in amethysts from Silver Hill were reported by Melfos [12].


Figure 7. Distribution of the homogenization temperatures of fluid inclusions from various amethyst occurrences in volcanic rocks from Greece (a) Silver Hill from Sapes; (b) Kassiteres; (c) Kornofolia from Soufli; (d) Megala Therma from Lesvos island; (e) Chondro Vouno and (f) Kalogries from Milos island. Red bars represent older FIAs with higher Th at the external parts of the amethysts and blue bars correspond to younger FIAs with the lower Th at the inner crystal parts. White bars show Th of fluid inclusions affected by post-entrapment processes and were not considered for any further interpretation.
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Fluid inclusions in amethysts from Kassiteres exhibit low salinities (0.5−3.4 wt % NaCl equiv) based upon the Tm(ice), which varies from −2.0 to −0.3 °C. Homogenization temperatures range between 211 and 275 °C (Figure 7b) and show a progressive Th decrease from hotter fluids (Th = 238–275 °C) in the amethyst crystals close to the vein walls to cooler fluids (Th = 211–239 °C) at the inner parts of the veins (Table 3).



The FIAs of amethysts from Kornofolia of Soufli exhibit Tm(ice) of −2.8 to −1.2 °C, which corresponds to a fluid salinity between 2.1 and 4.7 wt % NaCl equiv. The inclusions homogenized at a large variety of temperatures from 168 to 297 °C (Figure 7c). Based on five primary two-phase fluid inclusion assemblages, the homogenization temperatures are clustered between 191 and 223 °C, showing that the assemblages are true FIAs and, therefore, this range probably correspond to a homogeneous fluid. Fluid inclusions which homogenized at higher or lower temperatures (>223 °C or <191 °C) are considered to have stretched or leaked after entrapment. Melfos [12] reported similar salinity but higher homogenization temperatures, up to 378 °C, which may be attributed to post-entrapment processes.



In Megala Therma of Lesvos Island the salinity of the fluid inclusions in amethyst varies from 3.1 to 4.8 wt % NaCl equiv (Tm(ice) = −2.9 to −1.8 °C). Homogenization temperatures range between 211 and 250 °C, with a maximum at 230 °C (Figure 7d). Primary two-phase fluid inclusions in most FIAs show two Th clusters: 235–246 °C (4 FIAs) and 219–235 °C (5 FIAs) (Table 3). These amethysts appear to have trapped more than one episode of fluid flow and possibly correspond to different crystal formation stages. The earlier stage with higher Th corresponds to the basal parts of the amethyst, closer to the vein selvage, whereas the later stage with slightly lower Th characterizes the outer parts of the crystals towards the vein centre. A few inclusions with high temperatures of homogenization (>246 °C) reported in this study are interpreted as due to post-entrapment changes.



The final ice melting temperatures of fluid inclusions (Tm(ice) = −5.1 to −3.2 °C) in amethysts from Chondro Vouno on Milos Island reveal low to moderate salinities of 5.3 to 8.0 wt % NaCl equiv. The inclusions homogenized at temperatures between 164 and 232 °C (Figure 7e). A total of 8 FIAs of two-phase inclusions were selected for microthermometric analyses (Table 3). The higher temperature hydrothermal fluids from which the amethyst crystals grew is represented by two FIAs that contain inclusions with Th of 204 to 221 °C. A second and slightly cooler fluid is reported by four FIAs within a homogenization temperature range of 193 to 203 °C.



Low salinities (3.4 to 5.6 wt % NaCl equiv) obtained from the final ice melting temperatures (Tm(ice) = −3.4 to −2.0 °C) were recorded in the fluid inclusions from the amethysts of Kalogries on Milos Island. The inclusions homogenized at temperatures between 139 and 209 °C, but the majority of homogenization temperatures are scattered from 190 to 200 °C (Figure 7f). This is also confirmed by the Th observed in six FIAs which ranges from 190 to 207 °C. Lower homogenization temperatures (<193 °C) of the fluid inclusions are attributed to post-entrapment phenomena and were rejected from the dataset.





6. Amethyst Oxygen Isotopes


The oxygen isotopic composition has been analysed in hand-picked amethyst crystals from the thick sections used for fluid inclusion analyses (Table 4). The composition of the fluid in equilibrium with the quartz crystals has been calculated with the fractionation equilibrium equation of Sharp et al. [64], using the temperature from the fluid inclusion analyses. The estimated minimum trapping pressures calculated from the measured Th for the studied amethysts range between 0.01 and 0.03 kbar, which corresponds to paleo-depths up to 150 m under lithostatic conditions. Due to the shallow (epithermal) environment of amethyst formation, the pressure correction is likely to be <10 °C (e.g., Bodnar et al. [65]), thus not significantly affecting the calculation of δ18O values (see also discussion).


Table 4. Oxygen isotope compositions of amethyst quartz from various volcanic rocks in Greece (δ values in‰ relative to Standard Mean Ocean Water (SMOW)). The oxygen isotope values in the fluid (δ18ΟFl) in equilibrium with quartz have been calculated according to Sharp et al. [64], considering the range and average homogenization temperatures given by the fluid inclusions without any pressure correction.





	Sample
	Locality
	δ18ΟQtz
	Th (°C) Range
	δ18ΟFl min
	δ18ΟFl max





	KS1
	Kassiteres
	10.5
	211–275
	−0.5
	2.6



	SH2
	Sapes
	8.2
	189–230
	−4.3
	−1.7



	KIR1
	Kirki
	19.1
	-
	-
	-



	SF2
	Kornofolia
	20.5
	194–223
	8.4
	10.2



	LS2
	Lesvos
	3.3
	219–246
	−7.3
	−5.8



	M1
	Milos
	14.1
	193–219
	1.9
	3.5



	M2
	Milos
	13.4
	190–207
	1.0
	2.1









The studied amethysts yield isotopic δ18O values between 3.3 and 20.5‰ (Figure 8). Those from Kassiteres show a δ18O value of 10.5‰ and a range of values between −0.5 and 2.6‰ for the associated fluid at equilibrium at temperatures from 211 to 275 °C, respectively. The Silver Hill amethyst at Sapes (north of Kassiteres), has a δ18O value of 8.2‰, while the values for the associated fluid at equilibrium range between −4.3 and −1.7 for temperatures between 189 and 230 °C. The amethyst at Kornofolia, Evros district, yielded the highest δ18O values (20.5‰), corresponding to values from 8.4 to 10.2‰ for the associated fluid at temperatures between 189 and 230 °C. The Lesvos amethyst has the lowest δ18O value of all amethysts analysed (3.3‰), which corresponds to values between −7.3 to −5.8‰ for the associated fluid at temperatures from 219 to 246 °C. Finally, the two Milos amethyst samples have comparable δ18O values of 13.4 and 14.1‰ and display a range from 1.9 to 3.5‰ for the associated fluid at temperatures between 193–219 °C (M1), and from 1.0 to 2.1‰ for a fluid at 190–207 °C (M2).


Figure 8. δ18O values of amethyst from volcanic rocks in Greece (diamonds). The minimum and maximum and average values of the associated fluid at equilibrium at the temperature ranges as well as average values estimated from fluid inclusion analyses are also shown. The values for magmatic water and andesitic volcanic arc vapor are from Τaylor [66] and Giggenbach [67], respectively.
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7. Discussion


Volcanic rocks host the majority of amethyst deposits worldwide. In Europe, famous amethyst localities are among others those of Idar–Oberstein, Baden–Baden and Chemnitz in Germany [1,68], of Osilo in Sardinia (Italy) [1,69], of Přibram (Czech Republic) [1], Schemnitz and Kremnitz (Slovakia) [1], Roșia Montană, Săcărâmb, Baia Sprie and Cavnik (Romania) [1], and Madjarovo (Bulgaria) [1,8,70], all hosted in volcanic rocks of various ages from Paleozoic to Neogene. Quartz geodes in the basalts of Deccan, India [1], host amethyst associated with zeolites. Several amethyst localities in Japan are associated with epithermal Cu-Pb-Zn veins on Honshu Island [1]. Host-rocks for the amethyst in Brandberg (Namibia) [1,71], SW Nova Scotia, and Thunder Bay (Lake Superior, Canada) are silicified basalts [1,7,8]. Epithermal vein systems in Colorado, USA (Creede mining district and Cripple Creek) [72] and numerous similar occurrences in Mexico (e.g., at Guanajuato, Guerraro and Las Vigas districts) [1,73] are characterized by gem-quality amethyst crystals occurring mostly as the gangue of the veins and less common as typical geodes. Finally, huge amethyst geodes within basaltic lavas in Rio Grande do Sul, Brazil [74,75,76,77,78,79,80] and in Artigas, Uruguay [79,81,82,83] represent the most important resources of amethyst today. Amethyst crystallization conditions are still a matter of scientific debate. For the amethyst-bearing geodes in the basalts of Uruguay and Brazil, low temperatures of formation in the range from 50 to 120 °C were estimated from fluid inclusion data [74,75,82]. However, earlier works in Brazilian amethyst indicated homogenization temperatures of 152 to 238 °C and salinity of 0.9 to 2.6 wt % NaCl equiv and suggested a magmatic origin for the amethyst crystals [77].



Microthermometric data of the selected primary and pseudosecondary FIAs record the evolution of the hydrothermal fluids which were involved during amethyst formation. The plots of Th versus salinity of the fluid inclusion assemblages (Figure 9) are discussed for this reason and may be used for genetic interpretations. In the absence of evident boiling, the homogenization temperatures only yield a minimum estimate of the temperature during fluid entrapment. Although stratigraphic reconstruction in the various volcanic environments does not allow a precise determination of the depth of amethyst formation, it is assumed, based from previous information as presented in the regional geology chapter, that pressure correction is insignificant by comparison to other shallow environments (e.g., Bodnar et al. [65]). In this case, the measured Th corresponds to the temperature at which various parts of the amethysts grew. Accordingly, the homogenization temperatures of the studied amethysts are interpreted to be close to the formation temperatures.


Figure 9. Homogenization temperatures versus salinity diagrams of fluid inclusions from various amethyst occurrences in volcanic rocks from Greece (a) Silver Hill from Sapes; (b) Kassiteres; (c) Kornofolia from Soufli; (d) Megala Therma from Lesvos island; (e) Chondro Vouno and (f) Kalogries from Milos island. Red triangles represent FIAs with higher Th at the external parts of the amethysts and blue circles correspond to FIAs with the lower Th at the inner crystal parts.
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In the cases of Silver Hill in Sapes and Kassiteres, the evolution of the fluids show two different groups, the high Th and the low Th (Figure 9a,b) which demonstrates obvious cooling of the hydrothermal fluids during the formation of the amethyst. In Silver Hill, the low salinity fluid (0.9 to 2.1 wt % NaCl equiv) evolved from higher temperatures (230–201 °C) of the older amethyst close to the vein walls to lower temperatures (203–189 °C) for the younger amethyst at the centre of the banded veins, confirming previous results of Melfos [12]. The same situation is observed for the amethysts from Kassiteres where the majority of the FIAs homogenized at temperatures between 211 and 270 °C, reflecting gradual cooling of the fluid from the external with higher Th (275–238 °C) to the inner parts of the veins with lower Th (239–211 °C) and variable salinities.



The observed minor increase of salinity and decrease of temperature, especially in Kassiteres, is possibly associated with boiling in open system with steam loss [38,84]. Boiling produces large quantities of vapour and, in open systems, causes loss of H2O and other volatile species. This mechanism results to the partitioning of salts into the liquid phase and the residual liquid becomes more saline with a gradually decreasing temperature [84,85]. However, boiling was not confirmed by the presence of vapour-rich fluid inclusions at FIAs in any of these two amethyst occurrences, although boiling processes could be responsible for the crystallization of amethyst together with adularia at Sapes and Kassiteres [38,86,87]. Calcite accompanying amethyst at Kirki has a platy habit, indicating that its deposition probably took place from boiling hydrothermal fluids (according to Simmons and Browne [86] and Simmons et al. [87]).



The trends of the fluid inclusions in amethysts from Kornofolia, Megala Therma, Chondro Vouno and Kalogries from higher to lower temperatures and salinities (Figure 9c–f) may indicate a dilution process due to mixing of moderately saline hydrothermal fluids with low temperature-low salinity fluids having roughly similar temperatures, as it is described by Hedenquist [88]. Since no evidence of phase separation, such as boiling assemblages or vapour-rich inclusions were observed, the “mixing” hypothesis is preferred, although “gentle boiling”, such as described in Moncada et al. [89], cannot be fully excluded.



Fluid inclusions have been studied previously in the epithermal systems of Milos Island. The Profitis Ilias epithermal gold mineralization was formed at temperatures from 200 to 250 °C by fluids with diverse salinity (3–15 wt % NaCl equiv) under boiling conditions [90]. Fluid inclusion data in quartz from the Vani Mn deposit (about 1 km NE of Kalogries) and the Chondro Vouno Au-Ag deposit in Kilias et al. [90,91] and Naden et al. [92], show temperatures in the range of about 100 to 230 °С, boiling conditions, and involvement of seawater in addition to meteoric water for quartz deposition. Salinity in both areas shows a wide range from 0.1 to 17 wt % NaCl equiv and is best explained by boiling phenomena. Similarly, Smith et al. [93] suggested a fluid with increasing salinity (3–8 wt % NaCl equiv) and decreasing temperature 180–220 °C for the Triades deposit (lying between Chrondro Vouno and Kalogries), indicating an extensive boiling system. Homogenization temperatures of fluid inclusions in barite from Triades showed homogenization temperatures between 280 and 340 °C and low salinity from 2.14 to 5.62 wt % NaCl equiv [94], although the high temperatures could be attributed to leakage or stretching of the fluids during post-entrapment reequilibration.



Comparing the distribution of Th (193–221 °C) and salinity (6.3 to 7.9 wt % NaCl equiv) of the studied amethysts in Chondro Vouno with the adjacent epithermal system of Profitis Ilias we can also assume by analogy a boiling system for the formation of amethyst. Similarly, at the Kalogries amethysts, the distribution of Th (190–207 °C) and salinity (4.0–5.6 wt % NaCl equiv) are comparable with the nearby Vani Mn deposit where Kilias et al. [91], consider extreme boiling of seawater and mixing either with condensed boiled-off vapor or heated meteoric water to be the major control on mineralization. Alfieris et al. [31] also confirm the role of the vapor phase in the intermediate- to high-sulfidation state fluids under boiling conditions for the epithermal systems on Milos Island. Salinity variations can therefore be produced by continuous boiling mainly in restricted fractures [84] or by fluid mixing.



Homogenization temperatures and salinity measured here for amethyst from the intermediate-sulfidation epithermal deposits at Silver Hill and Kassiteres (Sapes area), Megala Therma (Lesvos Island) and Chondro Vouno (Milos Island) are in the range of the values obtained from other similar deposits like, for example, the Madjarovo ore field in Eastern Rhodope, Bulgaria, and the Amethyst vein system at Creede mining district, Colorado. At Madjarovo, amethyst crystallized from low salinity fluids (2.0–6.9 wt % NaCl equiv) in the range 160–240 °C [70]. At Creede, average homogenization temperatures and salinity in amethyst decrease from lower to upper levels of the mine, from an average Th = 238 °C and an average salinity of 9.8 wt % NaCl equiv to Th = 170 °C and an average salinity of 6.5 wt % NaCl equiv. The decrease in temperature and dilution of hydrothermal solutions were interpreted as a result of mixing with near-surface waters [72]. Stable isotope data revealed significant δ18O variations in the studied amethyst. In general, most δ18O values correspond to a mixing of magmatic and oceanic (and/or meteoric) water, with the highest magmatic component in Komofolia and the lowest in Lesvos.



The studied amethysts are genetically related to the development of epithermal systems, during the waning stages of Oligocene to Pleistocene volcanic activity. All the studied amethyst occurrences are related to intermediate- to low-sulfidation epithermal veins with well-developed hydrothermal alteration zoning (e.g., silicic alteration grading outward to adularia and/or sericitic alteration, then to argillic-, propylitic-, zeolitic alteration and finally to fresh volcanic rock).



Amethyst occurs in quartz veins crosscutting all the above alteration zones. The mineralogical data presented in this study are in accordance with those obtained through fluid inclusion measurements and may further be used to estimate the crystallization conditions of the studied amethyst. In Kirki, the coexistence of laumontite, analcime, heulandite and smectite indicate temperatures of about 175 °С. Similar temperatures of formation can be assumed through the coexistence of heulandite and clinoptilolite accompanying amethyst in Kornofolia. Application of the chlorite geothermometer after Cathelineau [95], suggests temperatures of amethyst formation for Megala Therma, Lesvos Island, from 223 to 234 °С. Mineralogical and geological information indicate that amethyst formation took place mainly from near neutral to alkaline fluids and in the stability field of adularia, calcite, chlorite and zeolites.



It is generally accepted that amethyst is formed through a process involving irradiation in which Fe3+ loses and electron and gives rise to a new color center, Fe4+, which is responsible for its violet color [2]. Amethyst requires oxidizing conditions to incorporate Fe3+ and these may result from mixing of oxidized meteoric and/or seawater with upwelling hydrothermal fluids [96]. Natural radiation can probably be explained by the moderate U concentrations of the surrounding volcanic host rocks. Shallow submarine conditions are most likely to have prevailed in all areas, contributing sea- and meteoric water to the hydrothermal fluids, Sapes being probably under subaerial conditions.




8. Conclusions


Epithermally altered volcanic rocks in Greece host amethyst veins in association with various amounts of adularia, calcite, smectite, chlorite, sericite, pyrite, zeolites (laumontite, heulandite, clinoptilolite), analcime, barite, fluorite and goethite/lepidocrocite in the veins. Host rocks are Oligocene to Pleistocene lavas and pyroclastics of intermediate- to acidic composition and with a calc-alkaline to shoshonitic affinity. Precipitation of amethyst took place during the final stages of the magmatic-hydrothermal activity in the areas from near-neutral to alkaline fluids. The present study shows that the amethysts from six volcanogenic environments in Greece with diverse ages but similar geotectonic regimes with post-subduction extensional magmatism were formed by hydrothermal fluids with relatively low temperatures (~200–250 °C) and low to moderate salinity (1–8 wt % NaCl equiv). A genetic mechanism with a gradually cooling fluid from the external to the inner parts of the veins, possibly with subsequent boiling in an open system, is considered for the amethysts of Silver Hill in Sapes and of Kassiteres. Amethysts from Kornofolia, Megala Therma, Chondro Vouno and Kalogries were formed by mixing of moderately saline hydrothermal fluids with low-salinity fluids at relatively lower temperatures (~200 °C for Kornofolia, Chondro Vouno and Kalogries, and ~250 °C for Megala Therma), indicating the presence of dilution processes, although boiling in an open system is not to be excluded. Stable isotope studies revealed a mixing between magmatic and marine (and/or meteoric) waters for most of the samples. A major contribution of magmatic water is only evidenced for the Kornofolia amethyst. The oxidizing conditions required for the amethyst formation were probably the result of mixing between meteoric or seawater with upwelling hydrothermal fluids. Ongoing geological and gemological work aims to investigate if the volcanic-hosted amethyst in Greece is of gemstone quality and to evaluate their potential for future exploitation.
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