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Abstract

:

The Vathi porphyry Cu-Au ± Mo mineralization is located in the Serbo-Macedonian metallogenic province of the Western Tethyan Metallogenic Belt. It is mainly hosted by a latite and is genetically associated with a quartz monzonite intrusion, which intruded the basement rocks of the Vertiskos Unit and the latite, 18 to 17 Ma ago. A phreatic breccia crosscuts the latite. The quartz monzonite was affected by potassic alteration, whereas the latite was subjected to local propylitic alteration. Both styles of alteration were subsequently overprinted by intense sericitic alteration. M-type and A-type veins are spatially associated with potassic alteration, whereas D-type veins are related to the sericitic alteration. Three ore assemblages are associated with the porphyry stage: (1) pyrite + chalcopyrite + bornite + molybdenite + magnetite associated with potassic alteration; (2) pyrite + chalcopyrite related to propylitic alteration; and (3) pyrite + chalcopyrite + native gold ± tetradymite associated with sericitic alteration. A fourth assemblage consisting of sphalerite + galena + arsenopyrite + pyrrhotite + pyrite ± stibnite ± tennantite is related to an epithermal overprint. Fluid inclusion data indicate that the A-type veins and related porphyry-style mineralization formed at 390–540 °C and pressures of up to 646 bars (<2.6 km depth) from boiling hydrothermal fluids. A later condensation of vapor-rich inclusions resulted in a moderately saline fluid (8.4–11.2 wt % NaCl equiv) at temperatures between 311 and 392 °C, which were related to sericitic alteration, D-type veins, and associated metallic mineralization. Subsequent dilution of the moderately saline fluid at lower temperatures (205–259 °C) produced a less saline (1.4–2.9 wt % NaCl equiv.) fluid, which is likely associated with the late epithermal overprint.
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1. Introduction


In northern Greece, the Serbo-Macedonian metallogenic province (SMMP), and the adjacent Rhodope metallogenic province, are part of the Western Tethyan metallogenic belt. Both metallogenic provinces are two of the most promising regions for ore exploration projects in southeastern Europe [1,2,3,4,5,6,7,8,9]. Throughout the Greek part of the SMMP, several deposits and prospects are enriched in Cu and Au as well as in several critical metals and metalloids, such as Sb, W, Te, Bi, Ga, Co, Ag, rare earth elements (REE; e.g., La, Ce, Gd), and platinum group metals (PGM; e.g., Pd, Pt, Ru) [5,6,10,11,12,13,14,15] (Figure 1).



The Vathi area is located in Kilkis ore district in northern Greece, which is a poorly explored region containing known porphyry-style deposits in the SMMP (Figure 1 and Figure 2). Preliminary estimates of the resources at Vathi are 15 Mt ore grading 0.30 wt % Cu and 0.8 g/t Au [3,6]. This deposit has been exploited for gold and copper probably during the reign of Alexander I of Macedonia (498–454 BC) [18]. Remnants of surface excavations and galleries are scattered in the area, reflecting the ancient mining activity.



This study focuses on the porphyry system at Vathi and discusses the genetic and spatial relationships among hydrothermal alteration, geochemistry, metallic mineralization, metalliferous distribution, characteristics of the ore-forming fluids, and the structural control on the localization of the deposit. The integrated results of this study are used to discuss the metallogenic processes that formed the mineralization and to establish a genetic model for porphyry-style mineralization in the SMMP.




2. Geological Setting


The Serbo-Macedonian Massif (SMM) in Greece is represented by the Vertiskos Unit that is composed of the following: (i) a sequence of migmatites, gneisses, schists, and thin marble intercalations, and (ii) a sequence of metagabbros, metadiabases, and amphibolites, intercalated with gneisses [17,21,22,23,24]. Mafic to ultramafic rocks which belong to the Thermes-Volvi-Gomati complex, are tectonically emplaced in these sequences [25] (Figure 1).



Abbo et al. [26] describes three pre-Alpine pulses and one Cenozoic magmatic pulse related to the igneous evolution of the Vertiskos Unit. Neoproterozoic and middle Ordovician granitoids metamorphosed into orthogneisses, and A-type granites (so-called Arnea-type granites) characterize the pre-Alpine igneous evolution [22]. The Cenozoic magmatism is subdivided into four magmatic events [16,22,26] (Figure 1). These magmatic events include I-type plutonic rocks, and related subvolcanic and volcanic rocks with calc-alkaline to high K-calc-alkaline and shoshonitic affinities, which intruded the SMM and the neighboring Rhodope Massif mainly as late-stage intrusions [27,28,29].



The first Cenozoic magmatic event (Early to Middle Eocene) is characterized by intrusions unrelated to metallic mineralization [16,20,28,29,30]. The second event formed during the Oligocene, and it is associated with mineralized intrusions. During this event, calc-alkaline magmatism was produced following an E-W trend [29] (Figure 1). The third event started in the Early Miocene (22–17 Ma) and is characterized by the intrusion of several subvolcanic rocks that host porphyry-style mineralization (e.g., Vathi, Gerakario, Skouries, and Fisoka) [16,20,31]. The last magmatic event (Pliocene to Pleistocene) is not related to mineralized intrusions and it is mostly restricted to the Strymoniko rhyolitic dome [19].



The rocks of the Vertiskos Unit were affected by two metamorphic events: (i) a Cretaceous amphibolitic facies and (ii) a Cretaceous to Early Paleogene event related to local retrograde greenschist facies [17,22].



Two extensional events were reported by Kilias et al. [21]. The oldest is contemporaneous with the Cretaceous amphibolite facies metamorphic event and exhibits an ENE-WSW extensional trend and eastward-trending shears. The youngest extensional event occurred during the Late Cretaceous and Middle Eocene (68.5 ± 3.8 to 46.6 ± 3.6 Ma) and continued through to the Miocene [21,32,33]. The faults of this event structurally controlled the intrusions related to the second and the third Cenozoic magmatic events [19,20].




3. Oligocene-Miocene Ore Deposits and Prospects of the Serbo-Macedonian Metallogenic Province (SMMP) in Greece


The SMMP and Rhodope metallogenic provinces contain several ore deposits and prospects of Cenozoic age [5,6,8,34,35,36,37]. According to Kockel et al. [19], 48 ore deposits (e.g., porphyry, epithermal and replacement types) occur in the Vertiskos Unit and the adjacent Kerdylion Unit that are genetically associated with the Oligocene-Miocene magmatism (Figure 2). These deposits and prospects occur mainly in the Kilkis ore district to the north and in the Kassandra district (NE Chalkidiki) to the south [6,19,20,38,39].



The Kilkis district hosts porphyry (e.g., Pontokerasia, Vathi, Gerakario), skarn/carbonate replacement (e.g., East and West Myriofyto), and epithermal-type (Rodonas) mineralization (Figure 2). A calc-alkaline syenite and a granodiorite intrusion host the Gerakario Cu-Au-Sb porphyry–epithermal deposit, whereas the Pontokerasia Cu-Mo-Au porphyry deposit is spatially associated with a calc-alkaline syenite intrusion [16]. Preliminary estimations of resources based on old exploration data for the Gerakario, Pontokerasia, and Vathi porphyry deposits indicate more than 258 Mt of ore with 0.40 wt % Cu and 0.9 g/t Au [3].



The Kassandra mining district in NE Chalkidiki is one of the oldest mining districts in Europe [6]. Several porphyry (e.g., Skouries, Fisoka), epithermal (e.g., Vina), and skarn/carbonate replacement (e.g., Olympias) deposits and prospects are distributed in an area of approximately 480 km2 [6,8,20,38] (Figure 2). Most of these deposits are spatially associated with intrusions that were emplaced in a narrow belt at an extensional tectonic setting, which is localized by the Kerdylion detachment fault and the Stratoni and Megali Panaghia-Gomati normal to oblique faults [30]. The proven and probable resources of the NE Chalkidiki area include approximately 951 Mt grading 7.76 g/t Au, 273 g/t Ag, 0.49% Cu, 10.1% Pb, and 13.7% Zn [39].



Additionally, several deposits occur that are not spatially associated with any intrusive or extrusive magmatic rocks. These deposits include shear-zone hosted vein-, metamorphic-hosted quartz vein-, and epithermal-type deposits [11,12,13,40,41] (Figure 2). The polymetallic Laodikino and Stanos Cu-Au-Sb-Bi-Te quartz vein deposits are hosted in shear zones, and the Rizana vein-type Sb prospect (active underground mining until the late 1950s produced 22.5 Mt of ore grading up to 40% Sb) are typical examples of these deposits and prospects [12,13,41].




4. Local Geology


The main crystalline rocks in the Vathi area include Paleozoic two-mica gneisses, schists and amphibolites of the Vertiskos Unit (Figure 3a–c), which were metamorphosed to the amphibolite facies [42]. The gneiss include quartz, plagioclase (An = 25–30%), K-feldspars, biotite, and muscovite, while garnet, epidote, and titanite occur in minor amounts [42]. The schist consists of quartz, muscovite, biotite, and plagioclase, and it is intercalated with the gneiss. Amphibolite and amphibolitic schist occur in lenses and consist of plagioclase, hornblende, titanite, epidote, and minor pyroxene [42]. These metamorphic rocks trend NNE-SSW and dip ESE at ~65° [42]. Unmineralized pegmatites and milky quartz veins crosscut the metamorphic rocks, whereas thin quartz lenses occur occasionally, and they are parallel to the schistosity of these rocks.



A serpentinized Paleozoic–Mesozoic peridotite is intercalated with the gneiss at the northwest of the study area (Figure 3). It consists of olivine and pyroxene that were replaced by serpentine and talc, with magnesite veins crosscutting the rock [42]. Magmatic rocks that host the Vathi mineralization comprise subvolcanic stock-like bodies and dikes exhibiting porphyritic texture that intruded the crystalline rocks [16,42]. Two rock types are distinguished: a latite, extending from Ragian 1 Hill to part of Ragian 2 Hill, and a quartz monzonite outcropping to the north of Ragian 2 Hill (Figure 3a and inset map).



The latite at Vathi forms an oval shaped plug covering an area of ≈0.25 km2 at Ragian 1 Hill, with a narrow 400 m long apophysis trending toward the north (Figure 3a). Geophysical investigation reveals that the latite dips to the east to a depth exceeding 240 m [43]. Melidonis [42] and Andronopoulos [44] characterized this intrusion as rhyodacite, whereas Frei [16] referred to it as latite. At the surface, small oval-shaped outcrops of quartz monzonite trend E-W and intrude the basement rocks and the latite [45] (Figure 3a and inset map). Frei [16] obtained two U-Pb zircon emplacement ages of 18 ± 0.5 Ma and 17 ± 1 Ma.



An ESE-WNW trending phreatic breccia, approximately 120 m long, 25 m wide, and more than 10 m thick at the surface, intrudes the latite along the eastern part of Ragian 1 Hill (Figure 3a). In addition, more breccias are found southwest of Ragian 1 and 2 Hills (Figure 3; inset map).



West and southwest of Ragian 1 and 2 Hills, small barren intrusions of biotite granite and amphibole granite occur (Figure 3a and inset map). These rocks are slightly affected by sericitic alteration. The formation of these rocks was contemporaneous to the subvolcanic intrusions [42]. Tectonically, Vathi lies in a graben bounded by faults with WNW-ESE and E-W trends (Figure 3; inset map). Quartz monzonite and the latite are located near the intersection of two of these faults (Figure 3). Local faults along Ragian 1 and 2 Hills reflect these regional structures (Figure 3). In addition, a group of NE-trending structures is observed. The NE-trending structures strike N52E and dip 51° to NW, while the NW-trending structures strike N25W and dip 60° to ENE. The E-trending structures strike N76E and dip 70° to SSW.



The magmatic and hydrothermal activity within the Vathi porphyry system is genetically and spatially associated with these faults and structures (Figure 3). The quartz monzonite occurs in narrow, elongated intrusions which trend E-W. The mineralized phreatic breccia intrudes the latite along an almost E-W direction (Figure 3).



Along the northern part of Ragian 1 Hill, a group of structures is present that trends E-W, which is accompanied by several minor conjugate NE-SW structures (Figure 3). Locally, along these E-trending structures, in the latite, a cataclasite is found. Veins, in places as sheeted veins, are associated with the E- and NE-trending group of structures and dip 60° to 76° toward SSW. They occur on the northeastern side of Ragian 1 Hill (Figure 3 and Figure 4). At this site, an ancient gallery, approximately 1 m wide, was opened along these veins possibly for gold and/or copper exploitation (Figure 4).




5. Methods


The studied mineralization (N41.1458°, E22.9639°) is located northwest of the Vathi village in the Kilkis area and spans two hills, Ragian 1 Hill and Ragian 2 Hill (Figure 3a). Surface geological mapping and sampling resulted in the collection of 43 mineralized surface and hydrothermally altered samples from the igneous and surrounding metamorphic rocks. Geological mapping collected information on lithologies, lithological boundaries, and structural relationships. In addition, samples from legacy drill cores were obtained along with previously acquired logging data.



These legacy drill cores were collected in the late 1960s and early 1970s during an exploration program that was targeting uranium-bearing mineralization in the area. The Institute of Geology and Mineral Exploration (IGME) of Greece conducted an exploration drilling project during 1968. Two vertical drill holes (D1, D5; Figure 3a,b) and two inclined drill holes (D2, D3; Figure 3a,b), 512.90 m in length were drilled [46], with the results of geological mapping and geophysical exploration being reported by Melidonis [42], Thanasoulas [43], and Andronopoulos [44]. A further exploration drilling program was carried out by Bauxites Parnasse Mining Co. S.A. to target porphyry copper-style mineralization. This program included 11 vertical drill holes (H1, H4-13). Eight polished sections were made from drill core H4, between 43 and 166 m, with seven additional polished sections being made from drill core H5, between 53 and 73 m (H4, H5; Figure 3a).



Optical microscopy was conducted on 44 thin, polished, and polished-thin sections from the surface samples along with the samples obtained from drill cores, using a Leitz Laborlux 11 Pol S dual reflected-transmitted light polarizing microscope. Scanning electron microscope (SEM) studies of oxidized rock samples were conducted at the Faculty of Sciences, Aristotle University of Thessaloniki, using a JEOL 840 SEM equipped with an ISIS 300 OXFORD energy-dispersive spectrometer (EDS). Twenty-one samples of mineralization and the host rocks were analyzed for major and trace elements, including rare earth elements, by X-ray fluorescence (XRF), and inductively coupled plasma-mass spectrometry (ICP-MS) at ACME Laboratories, Vancouver, Canada.



Fluid inclusions were studied in five doubly-polished wafers of quartz in veins containing metallic minerals. A LINKAM THM-600/ΤΜS 90 heating–freezing stage coupled to a Leitz SM-LUX-POL microscope was used for the microthermometric measurements at the Department of Mineralogy, Petrology, Economic Geology, Aristotle University of Thessaloniki. Ice (H2O) and organic reference substances with known melting points were used to calibrate the stage. The upper limit of heating was at 600 °C, with a precision of the measurements ±1 °C during heating and ±0.2 °C during freezing. The software packages FLUIDS [47] and SoWat [48] were used for the estimation of the fluid compositions and properties. Densities were calculated from equations proposed by Driesner [49].




6. Results


6.1. Petrography


The latite shows a porphyritic, fine to medium grained (locally coarse grained, ~1 cm in size) texture and moderate to strong hydrothermal alteration (Figure 5a). It contains up to 40 vol % phenocrysts of quartz, K-feldspar, and minor plagioclase, and clinopyroxene, in a fine-grained ground mass dominated by quartz, K-feldspar, and sericite (Figure 5b,c). The main accessory minerals are magnetite, apatite, monazite, and zircon. The hydrothermal alteration assemblage includes biotite, K-feldspar, quartz, and minor titanite and magnetite related to potassic zone at depth; epidote, clinozoisite, chlorite, and albite related to propylitic zone; and sericite, quartz, pyrite, kaolinite, dolomite and rutile related to sericitic alteration. The surface of the latite bears a significant amount of totally oxidized metallic mineralization.



The quartz monzonite is a micro- to equi-granular, locally porphyritic intrusion grey to light brown in color (Figure 5d). It consists of plagioclase, quartz, biotite, clinopyroxene, and hornblende, with accessory zircon and apatite crystals less than 2 mm in size (Figure 5e,f). The hydrothermal alteration assemblage in the quartz monzonite consists of biotite, K-feldspar, magnetite, titanite (potassic alteration), chlorite and sericite (sericitic alteration). Metallic minerals include pyrite and chalcopyrite. Mineralized and unmineralized quartz veinlets (up to 2 cm wide) crosscut the rock (Figure 5g).



The phreatic breccia consists of medium to strongly hydrothermally altered fragments of gneiss, schist, and latite of various sizes (up to 30 cm long) and shapes (Figure 6a,b). The breccia is extensively oxidized and well cemented by an argillaceous matrix. Towards the margins of the breccia body the fragments are more abundant, coarse, and angular in shape. The matrix is composed of illite, kaolinite, sericite, quartz, and oxidized metallic mineralization. Textural and mineralogical characteristics such as the heterolithic well-cemented fragments, their sizes and shapes, the fine argillaceous matrix, the oxidized mineralization, and the absence of cavities, classify this breccia as phreatic, according to the criteria of Sillitoe [50].



The cataclasite is composed of angular quartz fragments (up to 2 cm) and of a dark colored, fine-grained, silicified matrix (Figure 6c). Quartz is the main mineral while the hydrothermal alteration assemblage includes microcrystalline quartz and pyrophyllite.




6.2. Lithogeochemistry


The compositions of 15 samples of latite, three samples of quartz monzonite, and single samples of supergene mineralization, phreatic breccia, and cataclasite are shown in Table 1 and Table 2. Due to the localized but extensive hydrothermal alteration of the magmatic rocks, the geochemical affinity and the classification were based on carefully selected fresh or least propylitized samples. Samples Vath 41 (quartz monzonite) and Vath 42 (latite; slightly propylitized), as well as unaltered quartz monzonite sample reported by Filippidis et al. [45] were evaluated (Figure 7a,b).



Samples Vath 41 and Vath 42 have similar silica contents of 63.05 wt % and 61.57 wt % SiO2, respectively (Table 1). They have a high total alkali content, ranging from 6.55 to 8.70 wt % K2O + Na2O, and plot in the alkali-calcic to slightly alkali fields in Figure 7a. The two magmatic rock types are classified as quartz monzonite and as latite (Figure 7b).



The altered latite samples are characterized by wide variations in major-element composition (Table 1). Samples with SiO2 content of about 70 wt % are associated with sericitic alteration. For significantly oxidized samples, the Fe2O3 content ranges from 10.35 to 20.13 wt %. Strontium and large ion lithophile element contents show significant variations in composition (Table 2), which is likely due to hydrothermal alteration and weathering intensity. Samples Vath 41 and Vath 42 contain 1269.1 and 1173.2 ppm Sr, respectively. In addition, high values are observed for Rb (Vath 41 165.3 ppm, Vath 42 120.1 ppm), and Ba (Vath 41 1513.8 ppm, Vath 42 867.8 ppm). These samples are also enriched in high field strength elements (HFSE; Zr, Hf, Nb, and Ta) (Table 2).



Chondrite-normalized rare earth elements (REEs) for the Vathi magmatic rocks show REE enrichment with a relatively flat heavy REE pattern (Table 2; Figure 8). The latite (Vath 42), quartz monzonite (Vath 41), and the phreatic breccia (Vath 15) possess ΣREE contents of 279.16, 370.46, and 1851.25 ppm, respectively. Quartz monzonite and latite samples appear 10 to 100 times more enriched in REΕs compared to chondrite, whereas the phreatic breccia sample is significantly more enriched in LREEs, especially La (613.1 ppm) and Ce (894 ppm).




6.3. Hydrothermal Alteration


Three main types of hydrothermal alteration affected the magmatic and adjacent metamorphic rocks: potassic, propylitic, and sericitic (Figure 9). No particular patterns are ascribed to the distribution of the hydrothermal alteration, which is mostly spatially associated with the quartz monzonite and regional structures.



Potassic alteration, spatially and temporally related to the quartz monzonite, is generally restricted in space due to the subsequent sericitic alteration overprint. Drill core samples show that it mainly occurs at depth but it is also weakly exposed at the surface [45] (Figure 9). It was previously described by Frei [16] and Filippidis et al. [45] who recognized biotite-K-feldspar-pyrite veinlets in the drill core from the quartz monzonite stock, which is located 2 km north of Ragian 1 Hill (Figure 3; inset map). These veinlets are approximately 1 cm wide and consist of biotite, K-feldspar, magnetite, titanite, and quartz (Figure 10a). Fine-grained hydrothermal biotite was also found in A-type veinlets and disseminated in the groundmass of quartz monzonite.



The propylitic alteration is generally weak and affects both the quartz monzonite and the latite (Figure 9). The characteristic hydrothermal minerals, also reported by Frei [16], are epidote, clinozoisite, chlorite, minor sericite, pyrite, and traces of albite (Figure 10b).



The sericitic alteration affects both the magmatic and metamorphic rocks, and the phreatic breccia (Figure 9). In the latite, it overprints the propylitic alteration and locally results in the complete replacement of feldspar, especially at the eastern part of the porphyry system. In addition, sericite, pyrite, quartz, kaolinite, dolomite, and rutile are also present in the altered latite (Figure 10c). Sericite forms acicular to prismatic aggregates, which are accompanied by disseminations and masses of hematite. The K-feldspar replacement by sericite is generally controlled by the distribution of micro-fractures. In these cases, only the relic crystal habit of K-feldspar remains, forming vugs of different sizes. An epithermal overprint occurs locally within the sericitic alteration and is manifested as veinlets and as euhedral crystals (<30 μm in size) of hydrothermal quartz with fine-grained pyrophyllite in the groundmass of the latite. This epithermal event is mainly traced along an E-W trending structure on the northern side of Ragian 1 Hill into a latite cataclasite, which includes angular quartz fragments and pyrophyllite in a silicified groundmass (Figure 10d).




6.4. Ore Mineralization


Ore mineralization at the Vathi porphyry system is hosted by quartz monzonite, latite, phreatic breccia, and surrounding metamorphic rocks. At the surface, the metallic mineralization is almost totally oxidized. The oxidation zone has a maximum depth of 90 to 100 m and is associated with a narrow secondary enrichment zone, 2 m deep [46] (Figure 3c). The hypogene mineralization at the surface is restricted to the quartz monzonite, and in the drill core samples, it is well exposed below the secondary enrichment zone to an unknown depth.



6.4.1. Hypogene Mineralization


The mineralization forms disseminations, aggregates, veins, and veinlets. Four assemblages are present: (1) pyrite + chalcopyrite + bornite + molybdenite + magnetite associated with potassic alteration, (2) pyrite + chalcopyrite related to propylitic alteration, (3) pyrite + chalcopyrite + native gold ± tetradymite associated with sericitic alteration, and (4) sphalerite + galena + arsenopyrite + pyrrhotite + pyrite ± stibnite ± tennantite related to the epithermal overprint (Figure 11). Furthermore, four early to late-stage hydrothermal vein types correspond to M-, A-, D-, and epithermal (E-type) veins, as described by for example, Hedenquist et al. [55] and Sillitoe [56].



The mineralization associated with the potassic alteration occurs in quartz monzonite and is present mainly along drill hole D1 (66-75 m interval) [46]. It forms A- and M-type veins and disseminations, and it consists mostly of pyrite and chalcopyrite with minor molybdenite, bornite, and magnetite. A-type quartz veins (up to 2 cm wide) are rare but were observed in the drill core samples (Figure 12a). The M-type veins, found on the surface and at the depth, contain magnetite with quartz and titanite (Figure 12b). At a depth of 140 m, pyrite and chalcopyrite are present in approximately equal amounts, whereas at 166 m, only chalcopyrite and molybdenite occur. Restricted amounts of pyrite and chalcopyrite were observed in the propylitic alteration that extends in both magmatic rock types at the surface and at a depth of 40 to 140 m.



Pyrite and chalcopyrite, as well as minor amounts of rutile and ilmenite, occur in sericitic alteration mainly in latite but also in the phreatic breccia and surrounding metamorphic rocks [46]. The mineralization forms disseminations, aggregates, and D-type veins and veinlets and associated halos along cracks in the latite rock mass (Figure 12c). In some cases, D-type sheeted veins trending E-W form a dense system crosscutting the latite (Figure 6). They are usually less than 1 cm wide, locally reaching up to 5 cm in width.A subsequent epithermal overprint is documented locally within the potassic and sericitic alteration. It mainly occurs as E-type veins at depth and consists of sphalerite, galena, arsenopyrite, pyrrhotite, and traces of tennantite, stibnite, rutile, and ilmenite.



Pyrite is the most common sulfide in the Vathi porphyry system, and it is intergrown with chalcopyrite, bornite, pyrrhotite, sphalerite, and galena. Locally, it hosts rounded inclusions of chalcopyrite, as well as euhedral inclusions of magnetite and molybdenite. It occurs as disseminations or intergrowths of anhedral to euhedral grains, with sizes varying from 25 to 200 μm and from 400 μm to 2 cm, respectively (Figure 13a). Pyrite also forms veinlets (up to 3 mm in size) and minor dispersions, in which galena locally appears in the interstices (Figure 13b).



Chalcopyrite is the second most abundant sulfide and is found mainly in the potassic alteration where it is intergrown with pyrite, magnetite, molybdenite, and bornite (Figure 13c–f). It occurs as disseminated grains (<200 μm in size), irregular aggregates (<300 μm in size), and rounded inclusions (<20 μm in diameter) in pyrite. Chalcopyrite also forms thin veinlets (<0.5 cm in width) along with pyrite inclusions (10–20 μm in size). Below a depth of 166 m, mineralized stockworks with chalcopyrite and molybdenite are present (Figure 13e).



Magnetite is associated with the potassic alteration forming M-type veinlets (up to 1 cm wide) crosscutting the quartz monzonite (Figure 12b). It also occurs as disseminated crystals or intergrowths with chalcopyrite. In latite, massive magnetite is intergrown with pyrite, chalcopyrite, and minor titanite (Figure 13d). It is also found in chalcopyrite as subhedral to euhedral inclusions (Figure 13e).



Molybdenite occurs with pyrite and chalcopyrite in potassic alteration as small (<30 μm in length), disseminated, lamellar grains in latite (Figure 13e). In some cases, molybdenite also occurs as disseminations intergrown with prismatic rutile. Bornite in potassic alteration locally forms rounded inclusions, ranging between 15 and 100 μm in size in pyrite and chalcopyrite (Figure 13f).



Pyrrhotite is present at a depth below 166 m in Ε-type veins and is intergrown with pyrite and chalcopyrite (1 cm wide) (Figure 14a). Galena occurs in sericitic alteration and is intergrown with pyrite, chalcopyrite (<50 μm in width), and sphalerite. It appears in the interstices in pyrite veinlets and disseminations in quartz monzonite (Figure 13b), or it forms E-type veins (1 to 3 mm wide) with sphalerite and quartz (Figure 14b,c).



Sphalerite, similar to galena, occurs as large anhedral grains intergrown with pyrite and chalcopyrite in sericitic alteration. In E-type veins, sphalerite contains numerous chalcopyrite inclusions (so-called chalcopyrite disease) and is intergrown with chalcopyrite, galena, arsenopyrite, minor pyrite, and quartz (Figure 14b,c). Arsenopyrite was observed only in the E-type veins along with sphalerite and galena. It mainly forms prismatic and rhombohedral crystals, <500 μm in length (Figure 14d), and it occurs in micro-cavities in latite along with quartz and pyrite.



Stibnite is present in traces (<50 μm in size) in sericitic alteration in latite (Figure 14e). Additionally, stibnite occurs in the E-type veins as tiny radiating and elongated crystals in cavities or as intergrowths with sphalerite and galena (Figure 14c). Tennantite is spatially related to sphalerite and galena in sericitic alteration, where it appears as tiny inclusions in sphalerite with galena and chalcopyrite as well as overgrowths on pyrite, chalcopyrite, and bornite (Figure 13c). Native gold occurs as inclusions 10 to 50 μm in size in pyrite and chalcopyrite and as infills between grains in pyrite veinlets related to sericitic alteration (Figure 14f). It is also found in goethite. In D-type pyrite veinlets, native gold (up to 20 μm in length) appears as infills along with chalcopyrite and tetradymite (Figure 14g). Veinlets of gold in goethite were reported previously by Markoulis (1970).



Tetradymite is a minor mineral up to 7 μm in size along with chalcopyrite and native Au in D-type pyrite veins in quartz monzonite where potassic alteration is overprinted by sericitic alteration (Figure 14h). Rutile occurs as prismatic crystals up to 50 μm in size in pyrite, chalcopyrite, and molybdenite in potassic and sericitic alterations. Ilmenite forms lamellar exsolutions in magnetite in the potassic alteration zone. It is also present in pyrite and chalcopyrite as euhedral crystals 20 to 40 μm in length.




6.4.2. Supergene Mineralization


The oxidation zone in latite contains masses, encrustations, and impregnations of secondary Cu- and Fe-minerals, which are characterized by traces of native Au and Cu. The supergene enrichment zone hosts mainly chalcocite and covellite as well as minor cuprite and native copper (Figure 11).



Hematite and goethite are associated to pyrite and chalcopyrite oxidation (Figure 13a). Hematite is found only at the surface where it forms sheets and botryoidal to granular aggregates. In rock fractures or micro-cavities, hematite appears as radial and bushy aggregates of platy sheets, commonly with sericite and rutile. Goethite is the dominant mineral in the fault zones where it forms massive aggregates. In the oxidation zone, goethite replaces pyrite and chalcopyrite, forming pseudomorphs after pyrite and aggregates in micro-cavities, respectively.



Malachite and minor azurite are mostly present in the oxidation zone of the latite and in the phreatic breccia. Malachite appears as massive, botryoidal aggregates and acicular to tabular-prismatic crystals filling interstices and fractures in the rock, whereas azurite forms encrustations.



Cuprite increases with depth in the oxidation zone [46]. It is mainly found near the supergene enrichment zone at a depth of 90 to 92 m in veinlets with minor chalcocite and covellite. Native copper forms small disseminated grains (up to 50 μm in size) in cuprite. Chalcocite and covellite occur in the secondary enrichment zone where they are most abundant at depths between 90 and 100 m.



Although relatively rare in Greece, turquoise occurs on the eastern side of Ragian 1 Hill [57,58] (Figure 15a,b). It occurs in veinlets and encrustations exhibiting characteristic pale green-blue and forms hexagonal pseudomorphs after apatite [58]. In addition to turquoise, various minor occurrences of woodhouseite and phosphate carbonates, rich in large-ion lithophile elements (LILE) and HFSE (mainly Sr, Nb, Ce, Th, La, U), as well as senaite, are intergrown with sericite or they form in the rock interstices (Figure 15b).



The autunite group minerals, torbernite and meta-torbernite, occur as disseminations and encrustations in the oxidation zone of latite. On the eastern side of Ragian 1 Hill, pale green tabular torbernite and dark-green flat plates of meta-torbernite (crystals up to 3 mm in size) are locally present as disseminations in latite [44,59,60]. A significant concentration of torbernite occurs in drill hole D2 between 72 and 75 m [46] (Figure 3). Torbernite appears as disseminations, up to 3 mm in sizes, and as foliated to earthy aggregations of tabular crystals up to 3 cm in size [46].





6.5. Geochemistry of Ore Mineralization


Based on the chemical analyses of 21 mineralized surface samples (Table 1), the Vathi porphyry system is locally enriched in Cu (avg: 2313 ppm), Mo (avg: 152 ppm), Au (avg: 0.46 ppm), U (avg: 31 ppm), Pb (avg: 120 ppm), Zn (avg: 55 ppm), and Ag (avg: 1 ppm). This enrichment in base and precious metals is spatially related to hydrothermal alteration and to the distribution of metallic minerals. On the surface, the highest grades of Au, Ag, Cu, Mo, Pb, Zn, and U are mainly associated with the intense sericitic alteration and oxidized D-type veins on the eastern side of the latite at Ragian 1 Hill (Figure 16). Weak anomalies of gold are present along and around stocks of quartz monzonite.



The propylitic alteration in latite generally contains a paucity of metal (only up to 116.8 ppm Cu, 5.16 ppm Mo, 36.3 ppb Au, 11.15 ppm U, 306.7 ppm Pb, 54.0 ppm Zn, and 0.7 ppm Ag; Table 1). Samples affected by sericitic alteration exhibit higher metal concentrations. The highest metal concentrations in samples VTH 6 and VTH 11 reach up to 9297 ppm Cu, 319.1 ppm Mo, 6996 ppb Au, 262.6 ppm U, 977.3 ppm Pb, 212 ppm Zn, and 4.2 ppm Ag (Table 1). This enrichment is associated with the sericitic alteration and secondary oxidation.



The phreatic breccia is also characterized by high U (40.5 ppm) and REE contents especially La (613.1 ppm), Ce (894.0 ppm), Pr (79.1 ppm), Nd (211.1 ppm), and Sm (23.4 ppm) (Table 1 and Table 2). The highest concentrations of the REE are in samples from the sericitic alteration (97.7 ppm La, 160.02 ppm Ce, 20.26 ppm Pr, 93.1 ppm Nd, and 17.4 ppm Sm).




6.6. Fluid Inclusion Study


A fluid inclusion study was conducted on quartz from A- and E-type veins and on hydrothermal quartz grains related to sericitic alteration associated with the porphyry mineralization and the epithermal overprint, respectively. Samples of A-type veins crosscutting quartz monzonite were obtained from the surface (Vath 31c) and from drill core H4 (Vath 40). Samples of E-type veins were collected from cataclasite at the surface (Vath 33) and from drill cores H4 (sample Vath 41) and H5 (sample Vath 42). Hydrothermal quartz in the sericitic alteration was derived from the surface (sample Vath 12a). D-type veins are devoid of fluid inclusions.



Quartz in the veins and latite is mainly equigranular, anhedral, and it possesses a polygonal shape. The contacts among quartz grains form triple junctions with angles at ≈120° (Figure 17a). This implies that the quartz was extensively recrystallized so that the fluid inclusions largely migrated to grain boundaries [61]. As a result, fluid inclusions at Vathi are scarce, and only five of eight samples contained workable inclusions.



Where present, fluid inclusions are concentrated in clusters (Figure 17b) and are considered to be primary, on the basis of the criteria proposed by Roedder [62] and Goldstein and Reynolds [63]. These criteria include constant liquid to vapor ratios and similar shapes and sizes of the inclusions. Primary fluid inclusions found along growth zones of quartz crystals are rare, and their size is too small for microthermometry. Inclusions that occur in planes along healed fractures (Figure 17c) are considered to be secondary and possibly reflect fluid circulation associated with a late stage of fluid entrapment. The primary inclusions are elliptical to rounded and sometimes irregular in shape. Their maximum diameter is 35 μm, but the vast majority range in size from 5 to 15 μm.



On the basis of phase ratios observed at room temperature and phase transitions during homogenization, four types of fluid inclusions are present in the early-stage A-type veins and the hydrothermal quartz of the host rock: two-phase liquid-rich aqueous (Type 1), multiphase halite-bearing (Type 2), two-phase vapor-rich aqueous (Type 3), and one-phase vapor only (Type 4) inclusions.



Type 1 two-phase aqueous inclusions contain a vapor bubble occupying 20–30 vol.% (Figure 17d), which homogenize into the liquid phase during heating. These inclusions occur in A-type veins and are rare and secondary in origin, although some primary inclusions occur in the hydrothermal quartz grains in latite.



Type 2 inclusions are multiphase and consist of liquid, vapor, and one or more daughter crystals consisting mostly of halite and rare sylvite, or other unidentified transparent daughter minerals or an opaque (Figure 17e–h). The vapor phase occupies 20–40 vol.% of the inclusions, which homogenize into the liquid phase. Halite and sylvite, where halite is generally larger than sylvite, were identified by their colorless, isotropic cubic crystal morphology (Figure 17e,f). Halite dissolved at a higher temperature than sylvite during heating. The opaque phases (Figure 17f) are either cubic or triangular in shape and are possibly pyrite or chalcopyrite, respectively, but they do not dissolve during heating up to 600 °C.



Type 3 two-phase inclusions are dominated by a vapor bubble comprising 70–90 vol.% of the inclusions (Figure 17b,g,h) and homogenize into the vapor phase. They are the most common type of inclusion. Type 3 fluid inclusions commonly locally coexist with type 2 inclusions (Figure 17h). Type 4 inclusions are usually dark in color and consist mainly of vapor. They occur along healed fractures and are considered to be secondary in origin (Figure 17c,i).



None of the inclusions analyzed at the Vathi porphyry system contain visible liquid CO2, and clathrate formation was not observed during freezing experiments. This excludes the presence of significant quantities of CO2 (<2 mol.%).



Quartz in the epithermal veins contains few fluid inclusions, but where present, they are <20 μm in length. They are two-phase aqueous liquid–vapor inclusions (Type 1) containing a vapor bubble occupying 10–20 vol.% (Figure 17j). These inclusions homogenized into the liquid phase upon heating. Post-entrapment modifications, such as necking down or leakage, have affected this type of fluid inclusions (Figure 17k,l). They commonly occur along micro-cracks and demonstrate a variable liquid-to-vapor ratio. This is likely due to “stretching” processes during mechanical intracrystalline straining [64]. In order to eliminate the effects of the post-entrapment modifications, only inclusions with constant liquid-to-vapor ratios were selected for the microthermometric measurements.



Microthermometric data from 78 fluid inclusions in hydrothermal quartz and A-type veins from the Vathi porphyry system are summarized in Table 3. Eutectic ice-melting temperatures (Te) obtained from a few type 1 inclusions are concentrated around −22 °C, which suggests that NaCl is the dominant salt species in the inclusions [65]. Eutectic temperatures of type 3 inclusions were not possible to determine due to their small size.



Final ice melting temperatures of type 1 inclusions vary from −7.6 to −5.4 °C, indicating salinities of 8.4 to 11.2 wt % NaCl equiv [66]. Due to the small size (mainly 5–11 μm) of the meniscus liquid phase in type 3 inclusions, which made observation of the phase changes difficult, only a few freezing data could be obtained. On the basis of the freezing point depression (−14.1 to −6.4 °C), the salinities ranged from 9.7 to 18.5 wt % NaCl equiv.



Halite in type 2 fluid inclusions of A-type quartz veins dissolved at temperatures between 220 and 401 °C, corresponding to salinities of 32.7–47.2 wt % NaCl equiv. Salinity estimates based on the dissolution temperature of halite and sylvite in three type 2 inclusions yielded values between 28.4 and 36.7 wt % NaCl and 18.8 to 20.3 wt % KCl, which corresponds to a salinity of between 38.4 and 46.1 wt % NaCl equiv, respectively.



Homogenization temperatures (Th) for type 1 liquid-rich inclusions in quartz range from 311 to 392 °C (Figure 18). Type 2 liquid-rich halite-bearing fluid inclusions homogenized by disappearance of the vapor bubble after the halite crystal had disappeared at temperatures from 394 to >600 °C (the upper operating limit of the fluid inclusion stage). Homogenization temperatures of type 3 vapor-rich inclusions range from 335 to >600 °C. The majority of values of Th for type 2 and 3 fluid inclusions overlap between 390 and 540 °C and have a distinct maximum at ≈510 °C (Figure 18).



Microthermometric results for quartz in E-type epithermal veins were obtained from type 1 fluid inclusions in quartz (Table 3). Eutectic ice-melting temperatures range between −22 and −21 °C, suggesting that NaCl is the only dissolved salt in the fluid [65]. Final ice melting temperatures (−1.7 to −0.8 °C) correspond to salinities of 1.4 to 2.9 wt % NaCl equiv. Homogenization temperatures range from 205 to 259 °C, with a distinct maximum at ≈220 °C (Figure 18).





7. Discussion


7.1. Geotectonic Setting, Structural Control, and Magma Emplacement


The magmatic complex at Vathi was emplaced during post-subduction tectonic extension. During the Miocene, several deep to shallow subvolcanic stocks, plugs, and dikes, which vary from intermediate to felsic compositions, intruded the metamorphic basement rocks in the Vathi area [16,45]. Their emplacement was controlled by regional structures including E-W, NW-SE, and NE-SW trending faults, which also favored the formation of the porphyry-style mineralization by localizing the magmatic-hydrothermal fluid circulation (Figure 3; inset map).



The mineralization at Vathi is mainly hosted in latite, but it is genetically related to quartz monzonite, which intruded the older latite and the crystalline rocks of the Vertiskos Unit. The subvolcanic intrusion formed between 18 ± 0.5 and 17 ± 1 Ma, based on U-Pb zircon ages of Frei [16]. The microgranular and porphyritic texture and the elongate shape of the ore-related quartz monzonite are ascribed to fast ascending magma and subsequent crystallization at shallow depths set in an extensional regime. Melfos et al. [34] describe a similar mechanism for the origin of microgranite porphyry associated with the Maronia Cu-Mo deposit, NE Greece.



The presence of the phreatic breccia intruding the latite at Ragian 1 Hill, its ESE-WNW orientation, and the minor presence of quartz monzonite fragments suggest that quartz monzonite intruded the latite. This breccia was possibly formed when magmatic fluids were mixed with surface meteoric water during the late stages of the quartz monzonite intrusion, at the upper and marginal parts of the porphyry system [50,56].




7.2. Hydrothermal Alteration


Potassic and sericitic alteration is spatially related to the main stage of sulfide mineralization, whereas propylitic alteration hosts insignificant amounts of pyrite and chalcopyrite. The potassic alteration formed during the emplacement of the quartz monzonite and is characterized by the presence of quartz, hydrothermal biotite and K-feldspar, magnetite, chalcopyrite, bornite, molybdenite, and pyrite.



Propylitic alteration (epidote and chlorite) was likely coincident with the late stage of formation of the potassic alteration. Pyrite and chalcopyrite are found in trace amounts in the propylitic alteration, suggesting a slight increase in the sulfur fugacity of the hydrothermal fluids and/or a rise of the fluid temperature [67].



Sericitic alteration is expressed by the almost complete replacement of magmatic K-feldspar, clinopyroxene, hornblende, and biotite and by the extensive presence of sericite and quartz in the ground mass. Kaolinite, dolomite, and rutile constitute minor phases. Acicular to prismatic rutile crystals were formed as a result of Ti removal from precursor biotite during alteration [68]. The sericitic alteration overprints the potassic and propylitic alteration. The areas of sericitic alteration with the intense feldspar destructive textures possess relatively high sulfur content (S = ≈1.30 wt %). The magmatic fluid activity that resulted in the formation of this alteration zone during the late phases of the porphyry system was mainly controlled by the major E-W trending fault at the eastern part of Ragian 1 Hill. In this location, minor quartz veins and abundant mineralized D-type veins crosscut the host rocks.




7.3. Physicochemical Parameters of the Hydrothermal Fluids


Exsolution of hydrous fluids and silicate melts during the crystallization of the quartz monzonite at a shallow depth favored the hydraulic fracturing of the quartz monzonite and latite, which enhanced the permeability of the host rocks and the deposition of magnetite, chalcopyrite, bornite, molybdenite, and pyrite in A-type veins, fractures, and as disseminations in the host rock. This stage of mineralization is associated with the potassic alteration.



Fluid inclusions in A-type quartz veins at Vathi show that quartz and related metallic mineralization formed as a result of phase separation from an initial high temperature (at least >600 °C), featuring moderate-salinity supercritical magmatic fluid (Figure 19 and Figure 20) under boiling conditions during the ascent and cooling of the fluids. The rapid drop in temperature and pressure favored fluid immiscibility in these veins, resulting in a saline brine (33–47 wt % NaCl equiv; type 2) and a co-existing lower salinity (10–19 wt % NaCl equiv; type 3) low-density vapor-rich fluid at lithostatic pressures that homogenize over the same temperature range, mainly between 390 and 540 °C. This association, plus the presence of type 4 vapor-rich inclusions, suggests that the potassic alteration was associated with fluid boiling (Figure 19) as has been described elsewhere [62,66,69,70].



The presence of halite and sylvite in fluid inclusions indicates that the ore-bearing fluid in A-type veins was saturated in NaCl and KCl, as well as the likely presence of chalcopyrite and pyrite in type 2 inclusions, shows that the fluids were hypersaline and that Cu at Vathi was likely precipitated by the condensation of metal-rich brines.



Fluid inclusions trapped from boiling fluids do not require pressure corrections, and the measured homogenization temperatures represent trapping temperatures [62,70]. Trapping pressures of co-existing type 2 and 3 fluid inclusions in A-type veins at Vathi range from 248 to 646 bars, which were estimated using the equation of state of Zhang and Frantz [71] and homogenization temperatures. This corresponds to a depth of ore formation between 1.0 and 2.6 km assuming lithostatic conditions (Figure 20). The estimated densities of the hydrothermal fluids are >0.77 g cm−3 for the highly saline liquid-rich (type 2) fluids, and <0.78 g cm−3 for the moderate-salinity vapor-rich (type 3) fluids.



Fluid boiling can cause extensive hydraulic fracturing of the wall rocks and result in mixing of ascending boiling magmatic fluid with meteoric water at the ductile to brittle transition under hydrostatic pressures [72]. The lower temperature (310–390 °C) and less saline (8–11 wt % NaCl equiv) type 1 liquid-rich fluid inclusions in the hydrothermal quartz of latite at Vathi (Figure 19) likely represents a late fluid that was associated with decompression under hydrostatic pressures (Figure 20). This decompression was caused by extensive hydrofracturing and generated the fractures associated with the metallic mineralization at Vathi [69], which is associated with the sericitic alteration.



Fluid inclusions from the E-type epithermal veins are characterized by low salinity (1.4–2.9 wt % NaCl equiv) and relatively low Th ranging between 205 and 259 °C, with a maximum at ≈220 °C (Figure 19 and Figure 20). These fluid inclusions formed during the final stage of the magmatic–hydrothermal evolution of the system and represent a dilute fluid resulting from the mixing of a moderate saline fluid with circulating meteoric water in the epithermal stage. These non-boiling fluids are associated with the assemblage sphalerite + galena + arsenopyrite ± stibnite ± tennantite ore. Therefore, pressures obtained for non-boiling fluid inclusion assemblages represent minimum trapping values, and the pressure correction is estimated to be <10 °C, since these veins probably formed at shallow depths (e.g., [73]). The estimated minimum trapping pressures of the Vathi epithermal veins range from 100 to 244 bars, indicating a depth between 110 and 250 m under hydrostatic conditions. The estimated densities of the hydrothermal fluids in these veins are >0.79 g cm−3.




7.4. Source of Metals


Phase separation promotes Au deposition in porphyry systems, which follows the deposition of Cu at high temperatures [76,77]. In addition, Au precipitation in phreatic breccias is favored by the permeable textures created by the periodic catastrophic release of the build-up of volatiles [56]. This could also be the case for the Au enrichment during the formation of the Vathi breccia (724 ppb Au). At Vathi, gold is also related to the oxidized D-type veins, which occur in the sericitic alteration (6996 ppb Au). A similar relationship between high Au contents and D-type mineralized veins was reported by Voudouris et al. [78], where gold is found as inclusions in pyrite in the Pagoni Rachi Cu-Mo-Re-Au deposit in northern Greece.



Molybdenum at Vathi was precipitated near and below a depth of 166 m after Cu was precipitated, while Fe, Pb, Zn, and As are enriched in the upper, outer, and adjacent areas of the quartz monzonite and was related to the epithermal stage. Frei [16], based on Pb isotope compositions, has shown that the enrichment of Cu, Pb, and Zn at Vathi is associated with crustal rocks assimilation from magma.



The quartz-monzonite and latite at Vathi are enriched in Sr (Vath 41: 1269.1 ppm, Vath 42: 1173.2 ppm), Rb (Vath 41: 165.3 ppm, Vath 42: 120.1 ppm), and Ba (Vath 41: 1513.8 ppm, Vath 42: 867.8 ppm) (Table 2). These elements are lithophile and incompatible in the mantle, and the enrichment of these elements could be related to differentiation of the parental magma and the subsequent interaction with crustal rocks, as well as to the onset of significant plagioclase fractionation [79,80]. In this regard, Sr values are considered more enriched, with respect to reported values from intermediate to evolved magmas (<100 ppm) [80]. Moreover, the enrichment in high field strength elements (HFSE; Zr, Hf, Nb, and Ta) is likely the result of limited assimilation of crustal rocks as the magma differentiated [79].



A significant enrichment is also observed in the REE: La (up to 613.1 ppm), Ce (up to 894 ppm), Pr (up to 79.1 ppm), Nd (up to 211.1 ppm), and Gd (up to 12.7 ppm), as well as in Ti (up to 7040 ppm) and P (up to 1340 ppm) (Table 2). These geochemical anomalies could suggest that the Vathi deposit shares several characteristics in common with alkaline igneous rock-related porphyry deposits [81].



Uranium exhibits moderately to highly enriched concentrations in the magmatic rocks in the Vathi area (14 to 106 ppm). In the phreatic breccia and along the mineralized tectonic structures, the high U content (up to 328 ppm) is manifested by the presence of autunite-group minerals, torbernite and meta-torbernite. Uranium enrichment is rather an uncommon characteristic of porphyry systems associated with calc-alkaline igneous rocks [82]. On the contrary, U tends to be enriched in porphyry deposits related to alkaline intrusions [82,83].



At the Vathi area, the enrichment in U was likely associated with the final stages of crystallization of the mildly alkaline magma combined with movement along deep-seated faults. Rupturing of the intrusive cupola was likely associated with fluid exsolution and the accumulation of a magmatic fluid enriched in U. Fluid exsolution was favored by deep-seated faults, while a network of fractures enhanced rock permeability resulting in the formation of secondary torbernite. Rice et al. [83] described a similar mechanism that resulted in the enrichment of U in the alkaline igneous rock-related porphyry molybdenum system at Central City, Colorado.




7.5. Origin of the Vathi Deposit


In the early Cenozoic, melts enriched in volatiles, Cu, and other chalcophile metals were extracted from the subducted oceanic crust in northern Greece [84]. These melts ascended into the overlying delaminated crust, inducing partial melting. This melting resulted in significant crustal rock assimilation and produced magmas of calc-alkaline to high K-calc-alkaline and of shoshonitic affinities, which then intruded the upper crust, resulting in post-collisional back-arc magmatism [26]. An extensional tectonic regime, characterized by detachment and strike–slip faults in transpressional and transtensional tectonic settings, characterizes the Oligocene–Miocene deformation of the upper crust [19]. This deformation structurally controlled the formation of the I-type plutonic rocks and the related intrusive and extrusive magmatic rocks [84].



The oxidizing character of the magma that formed the ore deposit and the quartz monzonite association with porphyry copper-style mineralization have been previously mentioned for Vathi [16]. The Al2O3/TiO2 and V/Sc ratios for unaltered and altered samples, respectively, can be applied to assess the magmatic fertility and prospectivity of Cu and Au [85]. Using the criteria of Loucks [85], samples of quartz monzonite and latite at Vathi were plotted as functions of Al2O3/TiO2 versus SiO2 and V/Sc versus SiO2 (Figure 21a,b). The V/Sc ratio of samples from Vathi ranges from 10 to 50.91 and 11.84 to 17.08 for quartz monzonite and latite, respectively (Table 2), and they fall in the category of prospective Cu-Au deposits worldwide as characterized by V/Sc >10 [85]. In both Figure 21a,b, the Vathi samples plot in the fields of more productive Cu and Cu + Au intrusive rocks.



At the Vathi area, the ore-forming magma was focused at the intersection of major regional structures in the upper crust at a depth of >3 km where it crystallized to form stocks, plugs, and dikes of intermediate to felsic composition (Figure 3; inset map). The major and minor structural features provided a vertically extensive dilatant network, which favored the evolution of the magmatic–hydrothermal porphyry system at Vathi (Figure 22a).



Disseminations, veins, veinlets, and small aggregates of magnetite + chalcopyrite + pyrite + bornite + molybdenite formed in the potassic alteration at Vathi. Volatile fluids migrated upward from the monzonitic magma through fractures. The initial high-temperature parental magmatic fluid cooled from 540 to 390 °C and decompressed at approximately 646 to 248 bars, which resulted in phase separation at a depth of 1 to 2.6 km (assuming lithostatic conditions). The resulting moderate-density vapor and saline brine fluids interacted with the surrounding host rocks to form potassic alteration, A-type veins, and associated Cu-Mo-Au mineralization (Figure 22a). In addition, the mixing of magmatic fluids and meteoric water during this stage resulted in boiling and phreatic brecciation. During the late stages of potassic alteration, propylitic alteration was developed, overprinting both the latite and the quartz monzonite (Figure 22b).



Later, the vapor phase formed synchronously with the potassic alteration stage and continued to move upwards, cooling and mingling with meteoric water to form an acidic moderate-salinity (8–11 wt % NaCl equiv) aqueous fluid at lower temperatures (310–390 °C). Sericitic alteration developed from these fluids along brittle fault zones (Figure 22c). The secondary porosity of the latite was further enhanced by extended hydraulic fracturing favoring the formation of a network of cracks in the latite and the quartz monzonite. Within this network, the pyritic mineralization and D-veins associated with gold were developed.



During the late epithermal stage, a low-salinity fluid (1.4–2.9 wt % NaCl equiv) was generated at relatively low Th (205 and 259 °C). This fluid represents a mixture of a moderately saline fluid with circulating meteoric waters at a depth of 110 to 250 m under hydrostatic conditions, which formed the E-type veins and the attendant sphalerite + galena + arsenopyrite ± stibnite ± tennantite mineralization (Figure 22d). These minerals are common in the late stages of many porphyry systems and are the result of Zn, Pb, As, and Sb accumulation in the residual ore-forming solution, commonly as late-stage epithermal E-type veins [55,56].



The assemblage pyrite + pyrrhotite + chalcopyrite at Vathi is a rather uncommon paragenesis in porphyry systems. In reduced porphyry systems, the low solubility of S and Cu, the predominance of S2-, and the depletion in Cl− favor the formation of massive pyrrhotite in temperatures between 350 and 600 °C [86,87,88]. However, pyrrhotite related to oxidized Cu-Au-porphyry systems has been reported from the biotite-actinolite alteration zones of alkaline igneous rock-related porphyry systems, peripheral to porphyry-Au deposit quartz stockwork veins, and they are caused by the interaction between late chlorite-illite-quartz alteration and carbonaceous wall rocks [56,88]. At Vathi, it is likely that the formation of pyrrhotite is due to a lower sulfur fugacity of the ore fluid.





8. Summary and Conclusions


The Vathi porphyry Cu-Au ± Mo mineralization occurs in the northern part of the Oligocene-Miocene Serbo-Macedonian metallogenic province. The mineralization is mainly hosted in latite and is genetically associated with the intrusion of quartz monzonite (18 to 17 Ma). The quartz monzonite appears as fault-controlled, narrow, elongated stocks, while latite forms a plug-shaped body. These two rocks are silica-saturated and exhibit alkali-calcic to slightly alkaline chemical affinities. A phreatic breccia crosscuts the latite and was likely formed during the intrusion of the quartz monzonite. Three major fault groups trending E-W, NW-SE, and NE-SW characterize the regional structures, which controlled the emplacement of the intrusions in the crystalline basement of the Vertiskos Unit. The quartz monzonite and latite were affected by potassic and propylitic alteration that were subsequently overprinted by sericitic alteration. The potassic alteration is associated with the ore assemblage pyrite + chalcopyrite + bornite + molybdenite + magnetite in M- and A-type veins, and the propylitic alteration is related to pyrite + chalcopyrite, while the later sericitic alteration is associated with the assemblage pyrite + chalcopyrite + native gold ± tetradymite in D-type veins. The assemblage sphalerite + galena + arsenopyrite + pyrrhotite + pyrite ± stibnite ± tennantite is related to a subsequent epithermal overprinting event. The metallic mineralization is enriched in Cu (average 2313 ppm), Mo (average 152 ppm), Au (average 0.46 ppm), and U (average 31 ppm). A local enrichment in some REEs (up to 613 ppm La, 894 ppm Ce, 79 ppm Pr, 211 ppm Nd and 23 ppm Sm) is attributed to the phreatic breccia and to secondary supergene mineralization. Fluid inclusion data indicate that A-type porphyry style veins were deposited at 390–>600 °C and at pressures up to 646 bars (<2.6 km depth) from boiling hydrothermal fluids. This process resulted in the generation of coexisting moderately saline (9.7–18.5 wt % NaCl equiv.) and highly saline (32.7–47.2 wt % NaCl equiv.) fluids. Sericitic alteration, D-type veins, and related pyrite + pyrrhotite + chalcopyrite mineralization are associated with a moderately saline fluid (8.4–11.2 wt % NaCl equiv) that formed as a result of condensation of vapor-rich fluids between 311 and 392 °C. At lower temperatures (205–259 °C), a less saline (1.4–2.9 wt % NaCl equiv.) fluid formed, which deposited late epithermal E-type veins and attendant mineralization. The anomalous enrichments in U and REE and the alkaline character of magmatism are possible indicators that Vathi shares several characteristics in common with alkaline igneous rock-related porphyry deposits.
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Figure 1. Simplified geological map of the Serbo-Macedonian Massif in northern Greece. The adjacent Kerdylion Unit and the Circum-Rhodope Belt are also shown (modified after [6,16,17]). 
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Figure 2. The Cenozoic mineralization of the Vertiskos and the adjacent Kerdylion Units, along with the related magmatic events. The Kilkis and the Kassandra mining district are highlighted. The geological details of Vathi deposit are shown in Figure 3 (modified after [6,13,14,15,16,19,20]). 
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Figure 3. (a) Geological map of the Vathi porphyry system. The locations of the legacy drill holes are also shown. Inset map shows the location of the Vathi magmatic rocks in respect to local geological settings; (b) Schematic cross-section A-A’ of Ragian 1 Hill, defined by Institute of Geology and Mineral Exploration (IGME) drillings and drill core interpretation. Drill holes D2 and D3 were inclined; (c) Schematic cross-section B-B’ of Ragian 1 Hill. Interpretation was based on field mapping held during this study and on observations made by Melidonis (1968) and Markoulis (1970). 
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Figure 4. Veins, locally sheeted, containing supergene mineralization with minor quartz and sericite that are associated with E- and NE-trending structures and which crosscut latite at the eastern side of Ragian 1 Hill. 
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Figure 5. Hand specimens of rock samples and photomicrographs showing typical mineralogical paragenesis and alteration textures (plane polarized light: e, h; cross-polarized light: b, c, f, i) of the latite (a–c) and the quartz monzonite (d–i) from Vathi: (a) Fine-grained latite exhibiting a porphyritic texture with K-feldspar phenocrysts; (b) Magmatic K-feldspar (Kfs) altered to sericite (Ser) in a medium-grained ground mass composed of sericite and quartz; (c) Quartz (Qz) and sericite (Ser) in a fine-grained ground mass composed of sericite and quartz; (d) Equigranular quartz monzonite; (e,f) Magmatic clinopyroxene (Cpx), biotite (Bt) and K-feldspar (Kfs); (g) Mineralized veinlets (mv) comprising mainly pyrite and barren quartz veinlets (qv) crosscutting the quartz monzonite; (h) Magmatic biotite (Bt) and quartz (Qz) with disseminated pyrite (Py); (i) Quartz (Qz) vein with sericite (Ser) crosscutting the quartz monzonite. 
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Figure 6. Phreatic breccia and cataclasite at Vathi: (a) Fragments of gneiss (highlighted in red boxes) of various sizes and shapes near the margins (dashed line) of the breccia; (b) Angular and sub-rounded fragments of gneiss and latite within a well-cemented argillaceous and oxidized matrix in a breccia sample; (c) Angular quartz (Qz) fragments within a dark colored, fine grained, silicified matrix in a cataclasite sample. 
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Figure 7. (a) Plot of alkalis + CaO versus silica for magmatic rocks from Vathi. They are characterized by alkali-calcic to Scheme 51. (b) Plot of total alkalis (wt %) vs. SiO2 (wt %) (after [51,52,53]). 
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Figure 8. Chondrite normalized REE discrimination diagram for the Vathi magmatic rocks (chondrite normalized values after Taylor and McLennan; [54]). 
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Figure 9. Spatial distribution of the hydrothermal alterations of the Vathi porphyry system. The locations of the drill holes are also shown (advice Figure 3). 
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Figure 10. Photomicrographs of textures and minerals of the hydrothermal alterations (plane polarized light: a, b; cross-polarized light: c, d): (a) Hydrothermal biotite (Bt), quartz (Qz), and pyrite (Py) from an A-type veinlet of the potassic alteration in a quartz monzonite drill core sample; (b) Hydrothermal chlorite (Chl) and pyrite (Py) of the propylitic alteration in the quartz monzonite; (c) Sericite (Ser) in altered K-feldspar of the sericitic alteration in latite; (d) Clusters and disseminations of quartz (Qz) and pyrophyllite (Prl) replaced by iron oxides in the groundmass of cataclasite. 
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Figure 11. Ore and alteration minerals corresponding to each alteration zone in the Vathi porphyry Cu-Au±(Mo) deposit. Line thickness depicts the relative abundances of the minerals. Qz: quartz. 
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Figure 12. Photographs of textures and minerals in the Vathi porphyry system: (a) A-type veinlet from a drill core sample of the quartz monzonite containing pyrite, chalcopyrite, and magnetite in the potassic alteration; (b) Surface M-type veinlet with magnetite crosscutting the quartz monzonite from a stock NW of Ragian 1 Hill; (c) D-type veins, 1 to 5 cm wide, crosscut the latite and contain oxidized pyrite, quartz, and sericite; (d) E-type veinlet with sphalerite and galena from a drill core sample of the latite. 
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Figure 13. Photomicrographs of the hypogene mineralization in quartz monzonite (a,b) and latite (c–f) (plane reflected light: a–f: (a) Disseminated euhedral pyrite (Py) and goethite (Gt); (b) Galena (Gn) filling interstices in pyrite (Py); (c) Corroded pyrite (Py) and chalcopyrite (Cp) with minor tennantite (Tn); (d) Magnetite (Mgt) intergrown with chalcopyrite (Cp) and pyrite (Py); (e) Magnetite (Mgt) in chalcopyrite (Cp) and molybdenite (Mlb); (f) Chalcopyrite (Cp) and bornite (Bn) replaced by chalcocite (Cc). 
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Figure 14. Photomicrographs of the hypogene mineralization in latite (a–e) and quartz monzonite (f,g) (plane reflected light: a–g), and an SEM back-scattered electron image (h) of a pyrite veinlet in the quartz monzonite: (a) Pyrrhotite (Po) is intergrown with pyrite (Py) and chalcopyrite (Cp) in an E-type epithermal vein; (b) Sphalerite (Sp), galena (Gn), and quartz (Qtz) in an E-type epithermal vein; (c) Sphalerite (Sp), galena (Gn), and stibnite (Sbn) inclusions of chalcopyrite (Cp) in an E-type epithermal vein; (d) Euhedral arsenopyrite (Apy) and pyrite (Py) in micro-cavities in the latite; (e) Stibnite (Sbn) and pyrite (Py) relicts in goethite; (f) Chalcopyrite (Cp) with an inclusion of native gold (Au); (g) D-type pyrite (Py) veinlet with chalcopyrite (Cp) and native gold (Au) in micro-cracks; (h) Chalcopyrite (Cp) and tetradymite (Ttd) filling micro-cracks in pyrite (Py). 
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Figure 15. SEM back-scattered electron images of secondary minerals from the oxidation zone: (a) Τurquoise (Turq), senaite (Sen), and rutile (Rt) along the cleavage of sericite (Ser); (b) Woodhouseite (Wdh) and turquoise (Turq) in a cavity in latite. 
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Figure 16. Distribution of copper, molybdenum, gold, and uranium in the Vathi porphyry-type deposit (see Figure 3 and Figure 9). 
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Figure 17. Photomicrographs of fluid inclusions in quartz from the Vathi deposit: (a) Equigranular quartz grains in association with the ore minerals, forming triple junctions with angles of ≈120°; (b) A cluster of primary two-phase liquid–vapor fluid inclusions; (c) Vapor-only secondary inclusions in planes along healed fractures; (d) Type 1 fluid inclusions from hydrothermal quartz grains in the sericitic alteration; (e) Type 2 three phase liquid–vapor–halite fluid inclusions; (f) Type 2 multiphase fluid inclusions containing halite, sylvite, and an opaque (possibly chalcopyrite or pyrite); (g) Type 3 vapor-rich inclusions; (h) Typical fluid inclusion assemblage in porphyry-style mineralization showing co-existing type 2 and 3 inclusions; (i) Type 2, 3, and 4 fluid inclusions; (j) A cluster of type 1 fluid inclusions in an epithermal vein; (k,l) Deformed and stretched fluid inclusions that leakage after trapping. FI = fluid inclusion; L = liquid; V = vapor; H = halite; S = sylvite; Op = opaque. 






Figure 17. Photomicrographs of fluid inclusions in quartz from the Vathi deposit: (a) Equigranular quartz grains in association with the ore minerals, forming triple junctions with angles of ≈120°; (b) A cluster of primary two-phase liquid–vapor fluid inclusions; (c) Vapor-only secondary inclusions in planes along healed fractures; (d) Type 1 fluid inclusions from hydrothermal quartz grains in the sericitic alteration; (e) Type 2 three phase liquid–vapor–halite fluid inclusions; (f) Type 2 multiphase fluid inclusions containing halite, sylvite, and an opaque (possibly chalcopyrite or pyrite); (g) Type 3 vapor-rich inclusions; (h) Typical fluid inclusion assemblage in porphyry-style mineralization showing co-existing type 2 and 3 inclusions; (i) Type 2, 3, and 4 fluid inclusions; (j) A cluster of type 1 fluid inclusions in an epithermal vein; (k,l) Deformed and stretched fluid inclusions that leakage after trapping. FI = fluid inclusion; L = liquid; V = vapor; H = halite; S = sylvite; Op = opaque.



[image: Applsci 11 00479 g017]







[image: Applsci 11 00479 g018 550] 





Figure 18. Homogenization temperatures of the fluid inclusions from the A- and E-type veins at Vathi. 
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Figure 19. Salinity versus homogenization temperature plot of the fluid inclusions at Vathi. 
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Figure 20. Pressure–temperature diagram and phase relations in the H2O–NaCl system at lithostatic and hydrostatic conditions (adapted from [74]) showing the distribution of the Type 1, 2, and 3 fluid inclusions at Vathi. Depths assuming a 2.5 g/cm−3 lithostatic load and a 1 g/cm−3 hydrostatic load are also shown. Isopleths of NaCl in liquid in the two-phase vapor + liquid field are shown by the light weighted lines. The plastic–brittle transition lies at about 400 °C [75]. The gray heavy arrows show the proposed fluid path based on the fluid inclusion data. V = vapor, L = liquid, H = halite. 
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Figure 21. Whole-rock Al2O3/TiO2 versus SiO2 wt % and V/Sc ratios versus SiO2 wt % of the Cu and Cu + Au ore for productive versus not very productive to unproductive barren intrusive rocks (modified after [85]): (a) A fresh quartz monzonite sample (Vath41: Al2O3/TiO2 = 32.35) and a latite sample (Vath 42: Al2O3/TiO2 = 31.63) affected by propylitic alteration plot occurs in the area of fertile and prospective Cu-Au ore deposits; (b) Prospective Cu-Au deposits are characterized by V/Sc > 10 ratios. Samples of quartz monzonite (Vath 32: V/Sc = 10.0) and latite (Vath 10: V/Sc = 17.08, Vath 42: V/Sc = 11.84) plot among the scatter range of the magmatically fertile and prospective Cu-Au ore deposits. Sample Vath 41 has a V/Sc ratio of 50.91 and plots outside the range shown in the diagram. 
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Figure 22. Schematic model of the formation of magmatic rocks, hydrothermal alteration, and ore mineralization at Vathi along an N-S cross-section: (a) Regional structural settings promote the fast ascent of the magmas (the position of faults is indicative) to form the quartz monzonite intrusions. Magmatic fluid exsolves from magma and flows upwards undergoing phase separation to form co-existing vapor and brine. As these fluids cool, they result in the potassic alteration and the related ore mineralization; (b) At the late stage of formation of the potassic alteration, magmatic fluids propylitize the latite and the quartz monzonite; (c) As the system cools, the vapor phase condenses and mixes with meteoric water, resulting in a late sericitic alteration that overprints potassic and propylitic alteration; (d) A new pulse of a low-salinity fluid of meteoric origin flows along the brittle fault zone to form the epithermal alteration and the late-stage metallic mineralization. 
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Table 1. Chemical compositions for major elements of analyzed samples from Vathi.
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Latite

	
Quartz Monzonite

	
Oxidized

Mineralization

	
Cataclasite




	

	
Propylitic

Alteration

	
Sericitic Alteration

	
Sericitic Alteration

	
Relatively Fresh

	
Sericitic Alteration




	

	
Vath 10

	
Vath 42

	
Vath 1

	
VTH 3

	
VTH 4

	
VTH 11

	
VTH 12

	
VTH 14

	
Vath 17

	
Vath 27b

	
Vath 32

	
Vath 41

	
VTH 6

	
Vath 33




	
wt %






	
SiO2

	
66.73

	
61.57

	
71.99

	
56.83

	
55.79

	
59.58

	
63.82

	
56.93

	
67.09

	
69.35

	
69.69

	
63.05

	
7.58

	
66.70




	
Al2O3

	
16.35

	
15.85

	
15.91

	
13.05

	
13.08

	
14.27

	
15.03

	
13.56

	
14.80

	
16.88

	
15.67

	
16.13

	
4.45

	
16.67




	
Fe2O3

	
3.38

	
5.68

	
2.67

	
19.22

	
20.95

	
10.98

	
5.65

	
0.69

	
8.26

	
2.40

	
3.14

	
5.09

	
73.31

	
3.34




	
CaO

	
0.26

	
2.63

	
0.05

	
0.05

	
0.09

	
0.29

	
0.13

	
0.09

	
0.03

	
0.16

	
0.05

	
3.13

	
0.07

	
1.11




	
MgO

	
0.32

	
2.82

	
0.53

	
0.29

	
0.50

	
0.28

	
0.27

	
0.25

	
0.59

	
0.51

	
0.50

	
1.78

	
0.17

	
1.85




	
Na2O

	
0.36

	
4.38

	
0.14

	
0.07

	
0.10

	
0.70

	
0.42

	
0.25

	
0.09

	
0.15

	
0.15

	
4.01

	
bdl

	
3.06




	
K2O

	
8.79

	
2.67

	
5.12

	
4.10

	
4.55

	
5.90

	
7.69

	
5.19

	
5.22

	
4.94

	
6.84

	
4.69

	
0.80

	
4.22




	
MnO

	
0.02

	
0.04

	
0.01

	
0.01

	
0.03

	
0.01

	
bdl

	
bdl

	
0.02

	
bdl

	
0.01

	
0.12

	
0.02

	
0.03




	
TiO2

	
0.48

	
0.49

	
0.48

	
0.38

	
0.40

	
0.41

	
0.44

	
0.44

	
0.42

	
0.54

	
0.48

	
0.51

	
0.05

	
0.84




	
P2O5

	
0.35

	
0.25

	
0.08

	
0.33

	
0.27

	
0.53

	
0.22

	
0.06

	
0.12

	
0.07

	
0.05

	
0.31

	
0.73

	
0.13




	
Cr2O3

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
bdl

	
0.01

	
bdl

	
bdl




	
SrO

	
n.a.

	
0.13

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
0.14

	
n.a.

	
n.a.




	
BaO

	
0.16

	
0.09

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
0.02

	
0.07

	
0.08

	
0.16

	
n.a.

	
0.17




	
LOI *

	
2.21

	
3.03

	
2.62

	
5.10

	
3.90

	
5.70

	
3.60

	
9.22

	
2.77

	
4.36

	
2.82

	
1.46

	
10.70

	
1.98




	
Total

	
99.41

	
99.63

	
99.60

	
99.43

	
99.66

	
98.65

	
97.27

	
86.68

	
99.43

	
99.43

	
99.48

	
100.59

	
97.88

	
100.10








* LOI = Loss of ignition, bdl = below detection limit, n.a. = not analyzed.
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Table 2. Chemical compositions for trace elements and rare earth elements (REE) of analyzed samples from Vathi.






Table 2. Chemical compositions for trace elements and rare earth elements (REE) of analyzed samples from Vathi.





	

	
Latite

	
Quartz monzonite

	
Ox. miner.*

	
Breccia *

	
Catacla-

Site




	

	
Propylitic

Alteration

	
Sericitic Alteration

	
Sericitic Alteration

	
Rel. Fresh *

	
Sericitic Alteration




	

	
Vath 10

	
Vath 19

	
Vath 42

	
Vath 1

	
VTH 3

	
VTH 4

	
Vath 5

	
Vath 7

	
VTH 11

	
VTH 12

	
Vath 12a

	
VTH 14

	
Vath 17

	
Vath 20

	
Vath 27b

	
Vath 30

	
Vath 32

	
Vath 41

	
VTH

6

	
Vath

15

	
Vath

33






	
Trace elements (ppm)




	
Mo

	
1.88

	
5.16

	
0.36

	
319.1

	
49.3

	
1.9

	
5.02

	
146.25

	
57.4

	
39.3

	
46.11

	
62.1

	
29.97

	
47.98

	
20.9

	
2.20

	
4.96

	
1.24

	
>2000

	
340.7

	
1.77




	
Cu

	
85.04

	
88.18

	
116.8

	
403.7

	
1449.8

	
1277.0

	
1273.5

	
1072.5

	
9297.0

	
>10000

	
340.98

	
>10000

	
1502.0

	
142.94

	
611.7

	
17.31

	
15.33

	
54.3

	
>10000

	
722.3

	
109.19




	
Pb

	
51.06

	
306.7

	
116.6

	
93.44

	
23.8

	
41.1

	
76.03

	
28.96

	
39.9

	
99.1

	
82.33

	
89.1

	
10.50

	
139.48

	
98.63

	
137.2

	
17.89

	
51.0

	
977.3

	
27.51

	
20.43




	
Zn

	
22.0

	
20.4

	
54.0

	
39.5

	
115.0

	
212.0

	
19.4

	
28.0

	
38.0

	
28.0

	
16.4

	
9.0

	
37.0

	
108.3

	
67.2

	
155.5

	
19.0

	
39.0

	
39.0

	
33.5

	
32.5




	
Ag

	
0.6

	
0.7

	
0.45

	
3.0

	
0.8

	
1.0

	
1.1

	
0.77

	
0.3

	
2.4

	
0.392

	
4.6

	
0.1

	
0.939

	
0.8

	
0.3

	
0.07

	
0.12

	
4.2

	
3.51

	
0.3




	
Ni

	
2.0

	
1.7

	
40.4

	
2.0

	
6.7

	
6.3

	
1.8

	
3.3

	
5.7

	
2.3

	
2.6

	
1.2

	
4.2

	
9.1

	
5.6

	
91.9

	
3.9

	
4.9

	
46.7

	
3.7

	
41.4




	
Co

	
0.9

	
0.7

	
38.4

	
0.9

	
1.6

	
2.5

	
0.5

	
1.0

	
3.4

	
0.6

	
1.0

	
1.1

	
3.3

	
2.8

	
2.5

	
103.3

	
1.9

	
23.4

	
41.7

	
1.0

	
6.8




	
Mn

	
75.0

	
58.0

	
232.0

	
90.0

	
n.a.

	
n.a.

	
96.0

	
70.0

	
n.a.

	
n.a.

	
68

	
n.a.

	
191.0

	
46.0

	
49.0

	
6798.0

	
93.0

	
427.0

	
n.a.

	
61.0

	
165




	
As

	
2.7

	
4.0

	
30.2

	
5.4

	
2.9

	
2.4

	
7.8

	
3.7

	
2.4

	
1.4

	
3.0

	
8.4

	
3.3

	
182.8

	
2.3

	
132.3

	
4.8

	
3.6

	
472.6

	
61.1

	
4.8




	
U

	
9.6

	
9.8

	
8.31

	
9.4

	
71.3

	
14.0

	
32.1

	
27.6

	
20.4

	
32.4

	
11.7

	
14.3

	
11.8

	
10.5

	
11.2

	
14.9

	
21.4

	
16.3

	
262.6

	
40.5

	
2.7




	
Th

	
45.5

	
44.4

	
44.4

	
37.4

	
37.0

	
37.2

	
42.0

	
43.2

	
38.9

	
40.4

	
20.7

	
39.7

	
37.3

	
52.6

	
41.3

	
34.4

	
55.1

	
67.8

	
75.2

	
36.2

	
13.0




	
Sr

	
196.0

	
208.0

	
55.4

	
28.0

	
61.8

	
10.7

	
11.0

	
200.0

	
290.7

	
268.9

	
237.0

	
320.8

	
10.0

	
233.0

	
150.0

	
131.0

	
128.0

	
57.7

	
64.4

	
47.0

	
187.0




	
Cd

	
0.06

	
0.02

	
0.27

	
bdl

	
0.8

	
7.7

	
0.68

	
0.18

	
2.4

	
2.5

	
bdl

	
bdl

	
bdl

	
bdl

	
0.21

	
0.15

	
bdl

	
0.09

	
6.9

	
bdl

	
0.03




	
Sb

	
3.76

	
2.93

	
1.82

	
5.37

	
0.1

	
0.3

	
6.58

	
3.42

	
0.2

	
0.1

	
1.65

	
0.2

	
3.51

	
19.14

	
2.37

	
1.09

	
1.65

	
2.5

	
18.7

	
11.20

	
0.52




	
Bi

	
12.04

	
2.93

	
4.58

	
6.76

	
4.5

	
239.4

	
12.56

	
12.22

	
3.0

	
8.0

	
5.54

	
1.2

	
8.99

	
9.28

	
4.61

	
2.43

	
2.68

	
0.49

	
5.8

	
18.32

	
0.41




	
V

	
82.0

	
85.0

	
90.0

	
52.0

	
91.0

	
72

	
68.0

	
102.0

	
42.0

	
46.0

	
66.0

	
62.0

	
72.0

	
56.0

	
101.0

	
81.0

	
64.0

	
112.0

	
bdl

	
205.0

	
148.0




	
Cr

	
4.0

	
4.0

	
79.0

	
4.0

	
n.a.

	
n.a.

	
5.0

	
6.0

	
n.a.

	
n.a.

	
5.0

	
n.a.

	
4.0

	
5.0

	
5.0

	
7.0

	
5.0

	
81.0

	
n.a.

	
18.0

	
69.0




	
Ba

	
1219.0

	
1330.0

	
189.0

	
159

	
341.0

	
99.0

	
89.0

	
719.0

	
1266.0

	
1876

	
927.0

	
5043

	
78.0

	
158.0

	
478.0

	
59.0

	
208.0

	
144.0

	
74.0

	
176.0

	
1645.0




	
W

	
8.2

	
23.1

	
117.0

	
11.5

	
10.6

	
123.6

	
24.1

	
14.1

	
6.2

	
8.9

	
118.5

	
4.7

	
10.4

	
>200.0

	
7.7

	
72.6

	
12.1

	
181.4

	
13.9

	
43.6

	
6.4




	
Zr

	
63.5

	
64.7

	
184.0

	
52.8

	
176.3

	
162.4

	
51.6

	
65.0

	
175.5

	
192.0

	
57.5

	
192.6

	
44.7

	
58.8

	
53.5

	
52.1

	
58.7

	
6.2

	
25.5

	
38.2

	
1.1




	
Sn

	
7.3

	
7.6

	
4.2

	
15.4

	
8.0

	
32.0

	
16.3

	
10.3

	
9.0

	
5.0

	
4.3

	
5.0

	
8.3

	
10.7

	
12.7

	
8.4

	
2.0

	
1.8

	
3.0

	
8.3

	
3.6




	
Be

	
3.0

	
4.0

	
0.57

	
5.0

	
3.0

	
1.0

	
4.0

	
4.0

	
1.0

	
5.0

	
4.0

	
bdl

	
5.0

	
5.0

	
5.0

	
5.0

	
4.0

	
1.07

	
2.0

	
3.0

	
2.0




	
Sc

	
4.8

	
6.7

	
7.6

	
4.3

	
9.0

	
9.0

	
7.0

	
6.1

	
6.0

	
7.0

	
4.6

	
7.0

	
5.2

	
4.9

	
6.2

	
6.1

	
6.4

	
2.2

	
7.0

	
10.0

	
16.8




	
Y

	
15.0

	
15.7

	
27.1

	
9.5

	
19.5

	
53.9

	
12.5

	
14.9

	
31.1

	
35.7

	
11.2

	
16.3

	
7.5

	
9.9

	
13.8

	
20.8

	
6.7

	
15.1

	
28.5

	
27.0

	
22.3




	
Hf

	
2.47

	
2.54

	
0.16

	
2.01

	
4.6

	
4.3

	
2.07

	
2.69

	
5.0

	
4.9

	
2.43

	
5.7

	
1.78

	
2.35

	
2.12

	
2.21

	
2.39

	
0.3

	
0.8

	
1.46

	
0.02




	
Li

	
11.4

	
13.9

	
11.3

	
9.6

	
n.a.

	
n.a.

	
6.5

	
11.8

	
n.a.

	
n.a.

	
11.5

	
n.a.

	
10.4

	
16.8

	
23.9

	
7.2

	
10.5

	
4.8

	
n.a.

	
17.2

	
12.8




	
Rb

	
287.2

	
261.4

	
63.8

	
420.4

	
241.1

	
339.1

	
406.2

	
344.9

	
169.9

	
267.2

	
292.0

	
189.9

	
367.3

	
244.0

	
213.3

	
317.9

	
89.2

	
31.4

	
63.4

	
321.4

	
159.2




	
Ta

	
0.9

	
1.0

	
1.4

	
0.6

	
0.8

	
0.8

	
0.7

	
0.9

	
0.9

	
0.9

	
0.7

	
1.6

	
0.5

	
0,7

	
1.0

	
0.8

	
0.3

	
1.8

	
0.1

	
0.3

	
0.5




	
Nb

	
11.31

	
12.98

	
0.65

	
9.45

	
9.7

	
15.9

	
11.16

	
9.70

	
11.5

	
11.2

	
8.79

	
14.7

	
5.85

	
8,12

	
13.06

	
10.08

	
4.67

	
1.23

	
0.2

	
3.75

	
5.70




	
Cs

	
8.1

	
7.0

	
4.7

	
8.6

	
7.9

	
5.4

	
6.7

	
6.4

	
10.8

	
7.7

	
5.6

	
7.8

	
5.6

	
6,9

	
10.0

	
6.4

	
7.6

	
2.88

	
3.0

	
13.1

	
6.3




	
Ga

	
19.70

	
19.81

	
9.4

	
21.87

	
14.9

	
15.2

	
23.50

	
21.00

	
15.9

	
15.0

	
20.59

	
15.2

	
19.70

	
18.92

	
21.29

	
18.77

	
18.83

	
5.97

	
5.8

	
23.08

	
24.34




	
In

	
0.19

	
0.14

	
0.006

	
0.20

	
n.a.

	
n.a.

	
0.56

	
0.33

	
n.a.

	
n.a.

	
0.42

	
n.a.

	
0.63

	
0.29

	
0.21

	
0.19

	
0.49

	
0.014

	
n.a.

	
0.81

	
0.04




	
Se

	
0.5

	
1.4

	
1.2

	
0.6

	
0.7

	
bdl

	
0.6

	
bdl

	
10.5

	
0.5

	
3.9

	
8.3

	
0.5

	
4,9

	
bdl

	
0.4

	
2.3

	
1.2

	
47.4

	
bdl

	
bdl




	
Te

	
bdl

	
0.10

	
0.49

	
0.09

	
bdl

	
bdl

	
bdl

	
0.09

	
bdl

	
bdl

	
0.27

	
bdl

	
0.05

	
0.51

	
bdl

	
0.49

	
0.17

	
0.49

	
3.0

	
0.09

	
0.09




	
Tl

	
5.72

	
4.64

	
0.83

	
5.44

	
0.9

	
0.9

	
4.30

	
4.61

	
0.6

	
0.8

	
4.45

	
0.6

	
4.19

	
3.50

	
4.12

	
4.41

	
5.23

	
0.21

	
0.3

	
4.34

	
2.38




	
Hg

	
n.a.

	
n.a.

	
0.2

	
n.a.

	
0.01

	
bdl

	
n.a.

	
n.a.

	
0.01

	
bdl

	
n.a.

	
0.11

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
0.19

	
0.86

	
n.a.

	
n.a.




	
V/Sc

	
17.08

	
12.69

	
11.84

	
12.09

	
10.11

	
8.00

	
9.71

	
16.72

	
7.00

	
6.57

	
14.35

	
8.86

	
13.85

	
11.43

	
16.29

	
13.28

	
10.0

	
50.91

	
n.a.

	
20.50

	
8.81




	
Trace elements (ppb)




	
Re

	
bdl

	
3.0

	
3.0

	
bdl

	
n.a.

	
n.a.

	
bdl

	
bdl

	
n.a.

	
n.a.

	
3.0

	
n.a.

	
bdl

	
5.0

	
bdl

	
bdl

	
bdl

	
3.0

	
n.a.

	
3.0

	
bdl




	
Au

	
8.0

	
6.0

	
36.3

	
20.0

	
103.0

	
1170.0

	
118.2

	
7.2

	
135.0

	
98.0

	
20.7

	
26.0

	
30.0

	
32.6

	
4.0

	
20.0

	
4.0

	
37.0

	
6996.0

	
724.0

	
7.0




	
Rare earth elements (ppm)




	
La

	
59.3

	
35.2

	
68.2

	
5.5

	
31.4

	
45.6

	
32.1

	
73.9

	
54.3

	
53.4

	
37.9

	
42.7

	
65.2

	
97.7

	
35.7

	
68.0

	
32.8

	
82.8

	
22.8

	
613.1

	
33.8




	
Ce

	
107.0

	
77.68

	
122.70

	
12.9

	
75.1

	
139.1

	
91.48

	
140.60

	
101.0

	
119.0

	
73.74

	
94.4

	
122

	
160.02

	
75.8

	
144.5

	
63.73

	
152.9

	
39.6

	
894.0

	
69.13




	
Pr

	
12.7

	
8.7

	
13.02

	
1.7

	
9.11

	
20.26

	
12.7

	
15.1

	
10.6

	
12.8

	
8.2

	
11.0

	
13.5

	
16.4

	
9.1

	
17.6

	
7.4

	
16.02

	
3.69

	
79.1

	
8.8




	
Nd

	
38.8

	
30.3

	
46.2

	
8.4

	
37.3

	
93.1

	
44.2

	
48.9

	
40.6

	
45.9

	
30.3

	
38.6

	
45.9

	
45.7

	
31.5

	
61.2

	
26.4

	
85

	
13.9

	
211.1

	
32.9




	
Sm

	
6.2

	
5.0

	
8.14

	
2.2

	
6.00

	
17.4

	
8.7

	
8.1

	
7.51

	
8.73

	
5.2

	
6.92

	
6.5

	
6.3

	
4.9

	
10.9

	
4.5

	
10.2

	
2.93

	
23.4

	
6.2




	
Eu

	
1.7

	
1.2

	
1.63

	
0.5

	
1.38

	
3.59

	
2.4

	
2.2

	
1.99

	
1.96

	
1.0

	
1.24

	
1.9

	
1.8

	
1.1

	
2.3

	
1.0

	
2.42

	
0.95

	
5.1

	
1.1




	
Gd

	
4.1

	
4.3

	
6.59

	
2.0

	
4.38

	
13.67

	
6.0

	
5.5

	
6.46

	
7.43

	
3.6

	
4.98

	
3.8

	
4.1

	
4.0

	
7.2

	
2.9

	
7.84

	
3.86

	
12.7

	
5.7




	
Tb

	
0.4

	
0.5

	
0.84

	
0.2

	
0.60

	
1.96

	
0.6

	
0.6

	
1.00

	
1.09

	
0.3

	
0.69

	
0.3

	
0.3

	
0.4

	
0.8

	
0.1

	
1.02

	
0.80

	
1.3

	
0.6




	
Dy

	
3.2

	
3.2

	
4.41

	
2.1

	
3.44

	
10.43

	
3.5

	
3.7

	
5.82

	
6.39

	
1.9

	
3.41

	
1.9

	
2.2

	
2.6

	
4.1

	
1.3

	
4.8

	
5.35

	
5.5

	
3.8




	
Ho

	
0.6

	
0.7

	
0.95

	
0.4

	
0.60

	
1.90

	
0.6

	
0.7

	
1.19

	
1.35

	
0.4

	
0.6

	
0.4

	
0.4

	
0.6

	
0.8

	
0.3

	
0.98

	
1.14

	
0.9

	
0.8




	
Er

	
1.8

	
1.8

	
2.90

	
1.0

	
2.06

	
5.09

	
1.8

	
2.0

	
3.77

	
3.86

	
1.3

	
1.69

	
0.9

	
1.0

	
1.8

	
1.8

	
0.7

	
2.84

	
3.10

	
2.1

	
1.8




	
Tm

	
0.3

	
0.3

	
0.39

	
0.2

	
0.33

	
0.77

	
0.3

	
0.3

	
0.54

	
0.59

	
0.2

	
0.27

	
0.2

	
0.2

	
0.3

	
0.3

	
0.1

	
0.44

	
0.52

	
0.4

	
0.3




	
Yb

	
1.9

	
1.8

	
2.76

	
1.2

	
2.11

	
3.83

	
1.8

	
2.0

	
3.51

	
3.87

	
1.2

	
1.69

	
1.4

	
1.5

	
1.8

	
1.7

	
0.9

	
2.76

	
3.29

	
2.2

	
1.6




	
Lu

	
0.3

	
0.2

	
0.43

	
0.2

	
0.35

	
0.61

	
0.3

	
0.3

	
0.51

	
0.60

	
0.2

	
0.29

	
0.2

	
0.2

	
0.3

	
0.3

	
0.2

	
0.44

	
0.45

	
0.3

	
0.2




	
ΣREE

	
238.1

	
170.9

	
279.16

	
38.5

	
174.16

	
357.31

	
206.5

	
303.9

	
238.41

	
267.38

	
165.4

	
208.47

	
263.7

	
337.8

	
169.88

	
321.55

	
142.33

	
370.46

	
102.38

	
1851.25

	
166.73








* Rel. fresh = relatively fresh, Ox. miner. = oxidized mineralization, Breccia = phreatic breccia, bdl = below detection limit, n.a. = not analyzed.
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Table 3. Microthermometric data of the fluid inclusions in quartz of the A-type porphyry veins and the E-type epithermal veins from Vathi.






Table 3. Microthermometric data of the fluid inclusions in quartz of the A-type porphyry veins and the E-type epithermal veins from Vathi.





	
Sample

	
Vein Type

	
FI * Types

	
Th (°C)

	
Tm (ice) (°C)

	
Tm (NaCl) (°C)

	
Tm (KCl) (°C)

	
Salinity

(wt % NaCl equiv *)






	
Vath 40

	
Porphyry

A-type vein

	
2 (L+V+H→L)

	
320 to >600

(n = 11)

	
-

	
253–401

(n = 11)

	
105–125

(n = 2)

	
34.6–47.2




	
3 (L+V→V)

	
335–515

(n = 23)

	
−13.4–−7.2 (n = 4)

	

	

	
10.7–17.4




	
Vath 31c

	
Porphyry

A-type vein

	
2 (L+V+H→L)

	
324–>600

(n = 19)

	
-

	
220–374

(n = 19)

	
112

(n = 1)

	
32.7–44.3




	
3 (L+V→V)

	
405 to >600

(n = 14)

	
−14.1–−6.4 (n = 2)

	
-

	
-

	
9.7–18.5




	
Vath 12a

	
Hydrothermal quartz in latite

	
1 (L+V→L)

	
311–392 (n = 7)

	
−7.6–−5.4 (n = 5)

	
-

	
-

	
8.4–11.2




	
Vath 41

	
Epithermal

E-type vein

	
1 (L+V→L)

	
205–255 (n = 8)

	
−1.5–−0.9 (n = 3)

	
-

	
-

	
1.6–2.6




	
Vath 42

	
Epithermal

E-type vein

	
1 (L+V→L)

	
212–259 (n = 5)

	
−1.7–−0.8 (n = 5)

	
-

	
-

	
1.4–2.9




	
Vath 33

	
Epithermal

Catclasite

	
1 (L+V→L)

	
211–251 (n = 9)

	
−1.6–−0.9 (n = 9)

	
-

	
-

	
1.6–2.7








* FI = fluid inclusion, L = liquid phase, V = vapor phase, H = halite, equiv = equivalent, n = number of microthermometric analyses.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
P ——

SIS






media/file4.png
+ o+

+ Vrontou +
_Pluton +

+

N

Kerdylion N \\
detachment Strymon
fault

Pangeon
pluton

Aegean
— _  Sea
6 o\

Thessaloniki
E3

assandra
mining district

I Stratoni

Chalkidiki
Peninsula

10 km Sithonie N Somati fault
——— 4 u 1
23° 24°
Neogene-Quaternary Oligocene Serbo-Macedonia Massif Rhodope Massif
g Al g
:Sedimentary series Second event Triassic Paleozoic-Triassic
f . ;
Cenozoic Magmatic Event -5::::25 it -S::gget;p% [ IKerdylion Unit
Pli Pleist ~m_m. Detachment
‘ Thermes-Volvi-Gomati Paleozoic-Mesozoic fault
Fourth event : ‘ au
Miocene Complex -Vertlskos Unit Normal fault
-Thurd it -Maﬁc to ultramafic — = Probable fault

rocks
Oligocene-Miocene Mineralization Types
O Porphyry type: 1.Doirani, 2. Vathi, 3. Gerakario/ Palatiano, 4. Pontokerasia, 5. Skouries, 6. Vathilakkos,
7. Tsikara, 8. Dilofon/ Fisoka/ Alatina, 9. Aspra Chomata
|:| Skarn/Carbonate replacement: 10. East/ West Myriofyto, 11. Olympias, 12. Depozita/ Kalotycho,
13. Piavitsa/ Mavres Petres/ Madem Lakkos
0 Epithermal type: 14. Rodonas, 15. Askos, 16. Vina/ Zepko/ Papades/ Giannavos, 17. Bazdek Lakkos

A Intrusion related; Shear-zone hosted & met hic-hosted quartz vein type: 18. Rizana,

19. Koronouda, 20. Laodikino, 21. Drakontlo/Kolhlko 22 Philadelphio, 23. Langadhi, 24. Stephanina/
Arethousa, 25. Nea Madytos, 26. Paliochora/Stavros, 27. Stanos, 28. Chondri Rachi, 29. Pravita,

30. Metagitsi

[ ] Residual oxides Mn, Fe: 31. Monolithi, Petrades, 32. Varvara, 33. Fterouda






media/file39.jpg
Pressure (bars)

500

1000

1500

Temperature (°C)

200 400

500

800

10

15

Hydrostatic depth (km)

Type 1-Porptyry
#Type - Porpiyy
BType - Porptyry
AType 1-Epthennal

il curve

supercrtical ',

ks
Fa
Fs

Exsoied \

magmatc ' \\-6

\

Lithostatic depth (km)





media/file18.png
\.E\\H\\\\\\\“K\\\ 7 500 \\\ §N 5
.H
7

L/
&
& w
“‘
o
EXN

|

ﬁﬁﬁﬁﬁﬁﬁﬁﬁ





media/file21.jpg
porphyry

Supergene

Potassic orston
overprnted by
serei aeraion

Propyitic ateration

Serictic sheraton

Gzmonzonte

0z monzanta

oo

Gzmonzonte Lats|

T






media/file44.png
Depth
(km)

C.

& Meteoric water

ate s " Potassic alteration. Phreato-magmatic
ericitic alteration. g
flow-low salinity \\ gecon dary sericite ~o+ Secondary K-feldspar, - breccia

Magma

; : 2944 phiotite, magnetite,
;L)g:s;:e(;srlntg;ranpac:irc pyrite, gold. 2% Cussuifides, molybdenite, - aie " —e g
origin-intermediate Propylitic alteration. pyrite. RO ?lon;;nalca:_nd oblique
salinity Secondary epidote i inti aults acting in an
ry ep ' Epithermal overprinting. extensional tectonic
High-densiry liquid chiorite and minor Sphalerite, galena, - Trachydacite regime.
phase of magmatic . e arsenopyrite, pyrite,

origin-high salinity stibnite, tennantite.
(brine)






media/file26.png





media/file7.jpg





media/file28.png
.. Sp
L A
Qtz
b 200 pm
Gn
5 / Sp Py
p r 4
S Apy ot
Cp
o — SN \\ .
C 50 ym d 100 pm
Py
= Cp
Au
% Sbn
e 100pm f 100 pm
/Cp
4
2]
. Ttd
'/






media/file10.png





media/file11.jpg





media/file6.png
............ ' W) ?//\\

P o o) 0 iy
Rt | 3\ e %ﬂ//’
§ ] —\ ]

‘\‘ 1:

s

L SN A

- A
H13
\ ' D2 3 =
— = ?"ﬁ," /!
\‘ "

”‘..'ziha. 3

M7 n.s '.‘\\%\\V "‘%“
&‘&\R\\@%\%

S
A

\
R N /\\@@

\@w‘“\%\’i‘\\\@
WO 2" :

NE
\
4.\\
QIR
\ m Contour [N ®
Inte |
1oep:|va - \\“\‘\\ \
H () ——— 4 o: . :..
NNVIRTRRY £ -0 7oL ¥ 0 flio: Pl or O L
£22.9572° E g ST
?Igisfogeno -Granite Cataclasite
O.* .. O. N
s Fault
: r = Paleozoic - Mesozoic
N\ ~ .
Phreatlc breccia Serpentinized — = Probable fault
peridotite D1-3. D5 ,
-Quartz monzonite ¢ 30"" holes

V7] Gneiss and H1, H4-1
M schist

E Hydrothermaly altered
metamorphic rocks
b.

(m)A
5501 D1

A
550

4001 400

S Enrlchm.,"

2501 one 250
- 0 50 100(m)

(m)B B'
500

500
W \ e
7

Y/
/ IR
400 200 o
i 41 n

< % ,//}”“,‘“-’-
/’ { ¢/,/7 1 400






media/file36.png
14

12

10

(o 0]

Frequency

1 [ Type 1 porphyry

Bl Type 2 porphyry

I Bl Type 3 porphyry

Bl ype 1 epithermal

>600

200 250 300 350 400 450 500 550 600
Homogenization temperature (°C)





media/file15.jpg
Whole Rock/Chondite

100

10

sm

T rme

Phreatcboeco (v 15)

Frosh qarz monzonto (Vah 1)

Lo v 2)
Flopie aioraion
Late Vo 10.van 16)
Serc nerton

Late van01)

Inance senee atoratan






nav.xhtml


  applsci-11-00479


  
    		
      applsci-11-00479
    


  




  





media/file2.png
NORTH
MACEDONIA

BULGARIA

Kerdylion oy
detachment Strymon
41°F ,F"g‘" fault ., detachment fault !
< | &
PA
3
%
s
‘?:; Kavala
2 pluton
Thessalonik
Chalkidiki
Peninsula Ouranoupolis
pluton
) Sithonia
pluton
40°F TV T %,4 |¢| N
o il R R Sea
e ¥ 25 km
SRR
e ] |
23° 24°
Neogene-Quaterna ) Circum Rhodope Belt Serbo-Macedonian Massif 4 4
9 - & : :Ohgocene Mesozoic-Neogene Carboniferous-Triassic Tt
edimentary series Second event Aspri Vrisi-Chortiatis Granites of == Detachment fault
Cenozoic Magmatic Events 8. Stratoni 10. _I:qntokfeyrqsm Magmatic Suites Arnea type
Pliocene-Pleistocene 9-Rizana 11. Triantafyllia . . Paleozoic-Mesozoic Normal fault
1. Strymoniko Metasedimenta - = = Probable fau
Miofr:ine 12. Stephanina -Series " Rhodope Ma§3|f .
Third eveiit 13. lerissos ThermesVolviGomatl | eozolc-Triassic 14. Stratoni-Varvara fault
. ; Vardar Zone -Southem Rhodope 15. Megali Panaghia-
2. Vathi 5. Skouries Complex Core Complex deatis;fault )
io 6. Tsikara - ioli V177
3 gg{;'ﬁ,aim 7. Fisoka s Mafic to ultramafic  [EEEEBKerdylion Unit  16. Stanos shear zone

rocks






media/file23.jpg





media/file24.png





media/file29.jpg





media/file1.jpg
- = pnsetnn

e






media/file12.png





media/file9.jpg





media/file42.png
Ll &2 2 Al ) 1 Ll Ll | 4 Al [ 1 Ll —8. Al Al 1 Ll | | b= o | e 3 Al 5 1 Ll L 3 | Ll

. M Fresh qtz-monzonite (Vath 41)
80 - Qtz-monzonite (Vath 32: Sericitic alteration)

Trachydacite (Vath 10: Propylitic alteration;
Vath 17: Sericitic alteration) «©

()]
o
I

Al203/TiO2 wt.%
NN
o

~’—-~~§_——

N
o
|

Not very prospective
to unprospective for Cu
to barren

LI

20llll|llll|

15 F 4 ‘

. Not very prospective
to unprospective for Cu
- to barren

V/Sc
)

Not very prospective
to unprospective for Cu
. b to barren % o

| T S Y O N M I L

7 75 80

| 2N B I IR R L

l6
SiO2 wt.%

45 50 55 6





media/file38.png
Salinity (wt% NaCl equiv)

@ Type 1 Porphyry
¢ Type 2 Porphyry
B Type 3 Porphyry
AType 1Epithermal|

200 300 400 500
Homogenization Temperature (°C)





media/file17.jpg
WMW Wm .m.m \ \YWW. ’

N
v 3

N

(.

2
8
W
4 4
~






media/file30.png





media/file35.jpg
Frequency

14

12

200

250

300 350 400 450
Homogenization temperature (°C)

500

Type 1 porptyey

I et eptnemal

550 600





media/file27.jpg





media/file3.jpg
 Gigoceneiocens neriiaion Typos
2 perohyy . 1 Dot 2 Va3 Garakary Paltano . Poikeras,  Souris,  Vatnakos|
7 TEs 3 Bl il s, 5 Aaps Cromsia
[ Stamarbonstereptacomant: 1. ot it Uy 11, Ohymo, 12 Deposss Kare,
3Pt wes Poves Hach L3008
<> Epitnarma type: 14. Rodonas, 15 Askos, 16. Vinal Zepka Papaces/ Giannavos, 17. Bazdek Lakos
|\ nusionrstg: Shsr.zone osted & metamrphicostedquart vei ype: 6 R
T Koot Laviiins 21 BrvirioNamEe 35 Pristese 23 Lanaeas 34 Spharios
Neboces 35 Nea Hacyios 20 PaocnosSvos, 21 Sanos 20 Cranin Roch. 5. rav
Ve

(L] Residua oxides Mn. Fo 31, Monoit, Petrases. 32 Varvar. 33 Frarouds.






media/file22.png
Mineralization
Styles

Porphyry

Epithermal

Supergene

Alteration
Styles

Potassic alteration
overprinted by
sericitic alteration

Propylitic alteration

Sericitic alteration

Rock types

Qz-monzonite

Qz-monzonite

Latite

Latite |Metamorphics

Latite

Qz-monzonite/ Latite

Alteration
(Minerals
K-feldspar
Biotite
Epidote
Chlorite
Calcite
Quartz
Sericite
Pyrophyllite

Ore Minerals

Magnetite
Pyrite
Chalcopyrite
Bornite
Molybdenite
Native gold
Arsenopyrite
Pyrrhotite
Sphalerite
Galena
Stibnite
Tennantite
Tetradymite
Titanite
Rutile
limenite
Covellite
Chalcocite
Cuprite
Native copper
Hematite
Goethite
Malachite
Azurite
Torbernite
Meta-torbernite
Turquoise
Woodhouseite
Senaite
Phosphate
Carbonates

i
A






media/file19.jpg





media/file40.png
Temperature (°C)

0 200 400 600 800
O 2 — 1 2 1 2 1 2 1
i &
0;1?%
500 +5
[
®© = V+L
= 3
(@
g_) o
= LS
7 I
2 1000 § 10 £
al A
= 2
| Critical curve
\
- I \
@Type 1 - Porphyry : \
I Exsolved \
1500 + 15 @ Type 2 - Porphyry - magmatic  \
B Type 3 - Porphyry I supercritical fluid
T AType 1- Epithermal | \\
|

Lithostatic depth (km)






media/file33.jpg
Type 2

»
AL

ta






media/file32.png
Cu ppm

b [ ] <100
[ 1] 100-350

) B 350-750
B 750-1000

/ B > 1000






media/file14.png
12

B Fresh gtz-monzonite
10 - 4 Slightly propylitized latite
@ Qtz-monzonite reported
8 by Filippidis et al. (1988)
6 .
X
$ .,
(e}
©
o
o 2]
~N
x
+
o o0
~N
L
-
% N
_4 -
-6
-8 T T T T T T
45 50 55 60 65 70 75 80
a Si0, wt.%
*
16
1 Plot area of the altered
latite samples
14 1 Phonolite Plot area of the altered
. gtz-monzonite samples
Trachyte if
1 . , Trachydacite
Tephriphonolite (Qz-mohzzonite) if
Q >20% in QAPF
- ® ‘?
= Phonotephrite Trachyandesite
3 Rhyolite
g. 8 1 Latite (granite)
. — (monzonite). /6
% Tephrite if achyandesite
Z 61 | OI<10%
rachybasalt 1
Basanite
4 - i Andesite Dacite
01> 10% Basaltic (diorite) (granodiorite)
andesite
ol Basalt (gabbroic
Picro- diorite)
basalt
0 .
40 45 50 55 60 65 70 75 80
b SiO, wt.%






media/file41.jpg
' Frosh - monzonie (Veth 41
0. Gtzmonzonte (Vetn 32 Serce ateraton)

Teachydacie (Vath 10 Popyic aeraton;
Vit 17 Saice aeraton)

AIROYTIOP Wt.%
5 2

8






media/file37.jpg
Salinity (wt% NaCl equiv)

80

70
60
o pettsadl
T e,
40 La
o oflm,
30 ‘
Boiing )

20

10

0 100 200 300 400 500 600 700
Homogenization Temperature (°C)





media/file16.png
Whole Rock/Chondrite

10,000

Phreatic breccia (Vath 15)
Fresh quartz monzonite (Vath 41)

Latite (Vath 42)
Propylitic alteration

Latite (Vath 10, Vath 19)
Sericitic alteration

Latite (Vath 01)
Intense sericitic alteration

1000

¢ > pmO

100

10

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu






media/file20.png





media/file5.jpg





media/file31.jpg





media/file25.jpg





media/file0.png





media/file8.png
y ; b4 o \'\’
: %w*‘ ) ,,, 65E/80 ‘NVX# ‘&ﬁ.e |
-Conjugate structure * LR : -y
: N67E/77°NW :
A .

) ‘Structures






media/file43.jpg





media/file34.png
15 pm

50 um

15 pm

\L g h Type 4 I
v 2
Type 3
i B B
' Type 2 e Y Pe
V =L A “ a@{)e3
20 pm 20 pm 50 pm
.\./L
valype 1 ‘
P o
Uy

15 pm






