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Abstract

:

The Konos Hill and Pagoni Rachi porphyry-epithermal prospects in northeastern Greece are characterized by abundant pyrite that displays important textural and geochemical variations between the various ore stages. It is commonly fine-grained and anhedral in the porphyry-related mineralization (M- and D-type veins), while it forms idiomorphic, medium- to coarse-grained crystals in the late, epithermal style veins (E-type). Porphyry-style pyrite from both prospects is characterized by an enrichment in Co, Se, Cu, and minor Zn, and a depletion in other trace elements, like Bi, Mo, Ag, etc. Pyrite in epithermal-style mineralization is mostly characterized by the presence of As, Bi, Pb, Ni, and Se. Gold in pyrite from all mineralization stages occurs as a non-stoichiometric substituting element, and its abundance correlates with As content. Arsenic in pyrite from Konos Hill records an increase from the porphyry stage to the epithermal stage (along with gold); however, at Pagoni Rachi, the highest Au and As contents are recorded in D-type pyrite and in the epithermal stage. The composition of the studied pyrite marks changes in the physico-chemical conditions of the ore-forming fluids and generally follows the geochemical trends from other porphyry-epithermal systems elsewhere. However, a notable enrichment of Se in the porphyry-style pyrite here is a prominent feature compared to other deposits and can be considered as an exploration tool towards Au-enriched mineralized areas.
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1. Introduction


Pyrite is the most common sulfide mineral in the Earth’s crust and is generally common in most ore deposit types [1,2,3,4]. Its ideal chemical composition, as expressed by the formula FeS2, is not common in nature, as natural pyrites always contain small quantities of various elements beyond the essential Fe and S [1]. Thus, pyrite has attracted attention as a potential vector to identify fertile ore zones, as it may contain a large budget of trace elements including Au, Ag, Cu, Pb, Zn, Co, Ni, As, Sb, Se, Te, Hg, Tl, Bi, and PGE, some of which can reach concentrations of up to a few weight-percent [2,3,5,6,7]. In such cases, pyrite may contain an economically exploitable source for these metals [8,9,10].



Trace elements may be present in pyrite, as nano-sized inclusions (or nanoparticles, e.g., [11,12]) or as non-stoichiometric substitutions in its structure [5,13,14]. Arsenic is one of the most incorporated elements into pyrite, reaching concentrations in the range of major elements (almost up to 10 wt.%, e.g., [15,16]) and is commonly associated with gold mineralization [3,11,14,17].



The composition of pyrite has emerged as an indicator of ore-forming processes, including knowledge of the transport and depositional mechanisms of precious and critical elements in hydrothermal systems [3,4,5,6,7,10,18,19,20]. The chemistry of pyrite is highly dependent on the hydrothermal processes responsible for its deposition, which may fractionate trace elements between the vapor, liquid, and solid phases [21,22,23]. This means that its composition is mainly a function of the physicochemical features of the precipitating fluid including pH, temperature, redox, and the availability of complex-forming ligands [3,4,7,10,13,24]. Fluid-wall rock interaction, the composition of the host rocks, and phase separation also affect the chemical signature of pyrite [4,7,10,18,25]. However, elements enriched in the host rocks are not necessarily leached by the associated hydrothermal fluids [26].



In deposits where pyrite is a major Au carrier (e.g., orogenic-Au and Carlin-style deposits), the trace element content of pyrite has been well studied, owing to its economic significance. This has provided constraints on the mineral/fluid partitioning of such elements, and the saturation state of the parental hydrothermal solutions [2,27,28]. However, this is not the case with porphyry deposits, where only a relatively small number of studies have been conducted [3,6,19,29,30,31,32,33]. The trace element geochemistry of pyrite in the transition from the porphyry to epithermal environment remains poorly constrained [19,20].



Pyrite is a common mineralogical constituent in numerous ore deposits and prospects in Greece; however, the study of its trace element geochemistry is limited. In this paper, we use laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analyses to evaluate the composition of various generations of pyrite in two neighboring porphyry-epithermal systems in northeast (NE) Greece: The Konos Hill and Pagoni Rachi prospects. The trace element composition of pyrite is used to identify possible relationships between the metal endowment of the hydrothermal fluids, from which pyrite precipitated, and to elucidate any physicochemical changes that occurred as the ore forming system evolved. Finally, we make a comparison to analogous porphyry/epithermal deposits elsewhere and try to determine chemical fingerprints in the various generations of pyrite, which could point towards ore-grade mineralized events and/or zones. This could potentially be used as an exploration tool for other similar deposits and prospects in Greece and elsewhere.




2. Materials and Methods


Forty-five polished sections of sulfide mineralization were studied with an optical microscope and a JEOL JSM 5600 scanning electron microscope equipped with back-scattered imaging capabilities, at the Department of Mineralogy and Petrology, University of Athens, Athens, Greece. The chemical composition of sulfides from selected sections was carried out using a JEOL JXA 8200 Superprobe electron-microprobe at the “Eugen F. Stumpfl” Laboratory, Leoben University, Leoben, Austria. The operating conditions were accelerating voltage 20 kV, beam current 10 nA, beam size ≈1 μm. Counting times were 20 s on the peak and 10 s on the backgrounds for major elements. The counting times were increased to 60 s and 30 s for peak and backgrounds, respectively, when analyzing the trace elements. The following X-ray lines were used: AsLα, AuLα SeLα, CuKα, FeKα, PbMα, SKα, SbLα, NiKα, CoKα, and ZnKa. The standards were: synthetic GaAs for As (detection limit 350 ppm), synthetic electrum for Au (detection limit 100 ppm), synthetic AgBiSe2 for Se (detection limit 200 ppm), chalcopyrite for Cu (detection limit 150 ppm), pyrite for S and Fe (detection limit 150 ppm), galena for Pb (detection limit 700 ppm), stibnite for Sb (detection limit 350 ppm), skutterudite for Co (detection limit 150 ppm), millerite for Ni (detection limit 150 ppm), and sphalerite for Zn (detection limit 400 ppm).



Laser ablation-ICP-MS analyses of the same samples were conducted at the Institute of Mineralogy, University of Münster, Germany, with a pulsed 193 nm ArF excimer laser (Analyte G2, Photon Machines). Pre-defined (by optical and electron microscopy, as to avoid any visible inclusions) areas of the polished sections were ablated using a 35 μm-sized spot diameter. A repetition rate of 10 Hz and an energy of ~4 J/cm2 were used throughout the session. The laser system was coupled to an Element 2 mass spectrometer (ThermoFisher). Forward power was 1250 W and reflected power <1 W, gas flow rates were 1.2 L/m for He carrier gas, 0.9 L/m and 1.2 L/m for the Ar-auxiliary and sample gas, respectively. The argon cooling gas flow rate was set to 16 L/min. Before starting an analysis, the system was calibrated to a NIST 612 reference glass measuring 139La, 232Th and 232Th16O to get stable signals and high sensitivity, as well as low oxide rates (232Th16O/232Th < 0.1%) during ablation. A total of 20 elements (55Mn, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 73Ge, 75As, 77Se, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 182W, 197Au, 205Tl, 208Pb, and 209Bi) were quantitatively analyzed using the NIST 610 glass as an external standard. Iron, previously determined by EPM analyses, was used as the internal standard. The run time of the single ablation pattern was 60 s (20 s for background, 40 s for peak after switching the laser on). Concentrations of measured elements were calculated using the Glitter software [34,35], and a signal spike filter was applied if necessary. Standard reference material MASS-1 was analyzed in order to monitor for precision and accuracy. Despite the different matrix between silicate standard and sulfide sample obtained results generally match the published range of concentrations, given in the GeoReM database (version 23 [36]) (see Supplementary Table S1). This indicates the trace element concentrations in natural pyrite samples could be analyzed reliably by LA-ICP-MS. Average detection limits for the analyzed elements are as follows (in ppm): Mn = 0.8, Co = 0.3, Ni = 4, Cu = 0.5, Zn = 4, Ga = 0.2, Ge = 1.3, As = 1.9, Se = 5.6, Mo = 0.15, Ag = 0.8, Cd = 0.8, In = 0.06, Sn = 0.3, Sb = 0.19, W = 0.04, Au = 0.04, Tl = 0.02, Pb = 0.06, Bi = 0.03. All numbers are reported as determined, regardless of the number of significant digits.




3. Geological Setting


3.1. Regional Geology


The Rhodope Massif occupies an important part of northern Greece and exhibits a complex tectonometamorphic evolution (e.g., [37]). It comprises three sub-domains the [38,39]: (1) Northern Rhodope Domain; (2) Southern Rhodope Core Complex (including the Kerdylion unit of the former Serbo-Macedonian Massif); and (3) Chalkidiki Block. The Northern Rhodope Domain occupies a major part of NE Greece (Figure 1) and is further divided into three units. The structurally lower unit comprises a gneissic Paleozoic basement, subdivided into three migmatitic domes (Arda, Biala Reka-Kechros, and Kesebir-Kardamos). The intermediate unit consists of high-grade metamorphic basement rocks, and the structurally upper unit, known as the Circum-Rhodope Belt, comprises a thrust system of NW-trending sub-units (e.g., the Makri sub-unit), composed of low grade metamorphic rocks, including the Evros ophiolites [40,41,42]. Sequences of thick clastic rocks are also widespread in NE Greece (Figure 1) and are deposited in E-W trending, structurally controlled basins [43,44], where voluminous mafic to felsic magmatic rocks with a pronounced post-subduction signature, also occur [45,46,47].



The magmatic rocks vary in age from Eocene to Miocene and are characterized by calc-alkaline to shoshonitic and ultra-potassic affinities [45,47,50,51,52]. Widespread hydrothermal activity resulted in the formation of important mineralization, mainly in the Rhodope (Western Thrace), and to a lesser extent the Serbo-Macedonian (Chalkidiki) domains [46,51,53,54,55,56].



Among the various types of mineralization, many porphyry- and epithermal-style occurrences (Figure 1) display enrichment in several elements including Au, Ag, Mo, Re, Te, Se, In, Ga, Ge, and Bi. (e.g., [55]). Porphyry-style mineralization in Western Thrace include the Aisymi-Leptokaria porphyry Mo [57], and a number of Cu-Mo-Re-Au systems, namely the Maronia [58,59], Konos Hill (e.g., [49,60,61,62]), and Pagoni Rachi prospects (e.g., [63,64,65,66,67]). Important examples of epithermal-style mineralization in West Thrace (Figure 1 and Figure 2) include the Viper (e.g., [68,69,70]) and Perama Hill [71] Au-Ag-Cu deposits, as well as the Achla Tarla, St. Philippos, and Pefka [55,72] polymetallic deposits.




3.2. Geology and Mineralization of the Studied Prospects


In the central part of the West Thrace metallogenic province, lies the Sapes-Kirki area, which mainly comprises conglomerates, marls, sandstones, and volcaniclastic material (e.g., tuffs) of Priabonian age (Figure 2). The sequence was intruded by four types of subvolcanic rocks with subalkaline to alkaline affinities that form stocks and dikes [53]. These rocks are, from oldest to youngest, based on cross-cutting relations: hornblende-biotite granodiorite porphyry, pyroxene-biotite microdiorite porphyry, quartz monzodiorite, and microgranite porphyry [61,73].



Radiometric ages for the granodiorite porphyry are 32.6 ± 0.5 Ma (40Ar/39Ar on biotite, [73]), for the monzodiorite, 31.9 ± 0.5 Ma (Rb/Sr on biotite, [45]) and 32.05 ± 0.07 (U-Pb zircon, [47]). The hornblende-biotite granodiorite porphyry occupies a major part of the study area and forms an E-trending elongated stock that hosts both the Konos and the Pagoni Rachi porphyry-epithermal prospects (Figure 2). The northernmost part of the area is dominated by quartz monzodiorite, while a small body of pyroxene-biotite microdiorite occurs north of the Papadokoryfi Hill. Small bodies of microgranite porphyry are scattered throughout the area, emplaced mainly along NNW-trending fault zones. Most of the rocks underwent intense hydrothermal alteration (Figure 2b) [48,49,55,61,62,64,65,66,67,69,70]. The tectonic regime in the area comprises four major fault directions: N-S, E-W, ENE-WSW and NNW-SSE, with the last being associated with major ore-bearing structures, which, for example, hosts the St Philippos polymetallic deposit [65].



3.2.1. The Konos Hill Prospect


The Konos Hill porphyry-epithermal prospect comprises quartz porphyry stockworks, hosted in the intensively altered granodiorite porphyry, set in an NNW- trending direction (Figure 2), [49,61,62]. The veins are sinuous to planar and banded, a feature that was recently found to characterize quartz veins from several porphyry Cu-Mo-Re-Au systems in northeastern Greece [55,74]. The main metallic minerals are pyrite, molybdenite, rheniite, chalcopyrite along with minor bornite, enargite, colusite, and tetrahedrite/tennantite [48,55,60,64,65,66,67], and are associated with sodic/potassic alteration of the host granodiorite. Pyrite veins, associated with widespread sericitic alteration, overprint the quartz stockwork mineralization. They usually form stockworks (now mostly oxidized), but also fill the centerlines of early quartz veins. At the higher topographic levels of the system (on top of Konos Hill), advanced argillic alteration assemblages occur mostly along N- and E-trending faults, leading to partial telescoping of the porphyry system. They comprise pyrophyllite, diaspore, zunyite, alunite, and aluminum-phosphates-sulphates (APS), associated with oxidized mineralization [49,60,61,62]. Peripheral to the system, quartz-calcite veins (E-type) with base metals and epithermal affinities occur. They are associated with lateral sericitic (and minor argillic) alteration, dominated by quartz, sericite, calcite (± kaolinite) and comprise mostly pyrite, sphalerite, galena, and tetrahedrite/tennantite group minerals (Table 1).




3.2.2. The Pagoni Rachi Prospect


The Pagoni Rachi telescoped porphyry-epithermal prospect is hosted in a similar granodiorite porphyry stock like that at Konos Hill. The mineralization occurs as a very dense quartz stockwork, associated with extensive hydrothermal alteration [63,65,66,67]. The Pagoni Rachi system exhibits an unusual enrichment in Re, expressed by high concentrations of Re in molybdenite and by the presence of the rare sulfide rheniite [63,64,65]. The core of the system is dominated by sodic/potassic-calcic alteration associated with magnetite and quartz veins, as well as sodic/potassic alteration related to banded quartz-molybdenite veins. Massive pyrite veins associated with sericite-carbonate alteration overprint earlier alteration and mineralization. Epithermal-style veins (E-type) commonly set in a N- and NW-trending direction, locally overprint the porphyry mineralization. They are related to argillic alteration assemblages and carry base metal sulfides (pyrite, sphalerite galena) as well as precious metals (Ag-Au alloy) and a suite of sulfosalts and tellurides (Table 1) [55,65].






4. Results


Vein terminology used hereafter in this paper is based on Arancibia and Clark [75] for M-type veins, Gustafson and Hunt [76] and Seedorff et al. [22] for A-, D-type veins, and Masterman et al. [77], Voudouris et al. [65], and Monecke et al. [78] for E-type veins. The vein characteristics, as well as their mineralogical and textural features are summarized in Table 1.



4.1. Occurrence and Textural Features of Pyrite


Pyrite is a common constituent of the Konos Hill prospect and is the dominant mineral in D-type veins, which form stockworks, and is associated with sericitic alteration of the host granodiorite porphyry (Figure 3a–c). Sericitic (or “phyllic”) alteration is the most widespread type in the area and caused pervasive obliteration of pre-existing, sodic±potassic alteration assemblages (e.g., albite, K-feldspar, biotite, chlorite). The D-type pyritic veins (up to 5 cm wide) are mostly oxidized with pyrite filling centerlines associated with reopening of A-type, quartz-stockwork veins (Figure 3b,c). Pyrite in D-type veins is usually fine- to medium-grained (from a few μm, up to 0.5 cm) and is characterized by a porous texture. Its grain shape is anhedral and displays a characteristic “corroded” rim. Pyrrhotite (Figure 4b), and less commonly chalcopyrite, occurs as inclusions. Molybdenite is in places associated with chalcopyrite and pyrite, disseminated in the sericitic-altered granodiorite or in the quartz veins (Figure 4c). In addition, molybdenite forms fine-grained aggregates (up to 100 μm in length) that develop in the grain boundaries of pyrite (Figure 5a). Bornite, magnetite, enargite, and colusite also accompany pyrite, but occur in trace amounts (see also Voudouris et al. [48,49,60,62,65]).



Pyrite is also widespread in epithermal-style (E-type) veins that crosscut/overprint the porphyry-style mineralization. These veins, most of which occur along NNW-, and E-trending directions, are composed of quartz and calcite (Figure 3d–f) and display minor banding. The veins are of high- to intermediate-sulfidation affinities [49,55] and are associated with argillic (and less commonly advanced argillic) alteration. In these veins, pyrite forms euhedral crystals that are up to 1 cm in size, which are commonly isolated, included in quartz and/or calcite, or they form aggregates. They are commonly associated with Fe-poor sphalerite, galena, chalcopyrite, and tetrahedrite-tennantite group minerals (Figure 4d,e). Galena forms euhedral to subhedral grains, spatially associated with sphalerite and pyrite (Figure 4e), or it occurs interstitially between pyrite grains (Figure 4f). It can also form swarms of inclusions that commonly occur along growth zones of the host pyrite crystal (Figure 5b). Sphalerite usually contains tiny inclusions of chalcopyrite (chalcopyrite “disease”, Figure 4e).



In the Pagoni Rachi mineralization, pyrite is widespread and occurs throughout the paragenetic sequence [65]. Pyrite is found in: (i) early magnetite veins (M-type), (ii) D-type veins, and (iii) epithermal (E-type) veins.



Pyrite is a minor constituent of the early M-type veins. They are irregular in shape and discontinuous and are associated with thee sodic/potassic-calcic alteration of the granodiorite porphyry (Figure 6a–c). They form a stockwork of veinlets up to 0.5 cm wide (Figure 6b,c) associated with variable amounts of secondary albite, orthoclase, biotite, actinolite, and chlorite. The M-type veinlets are commonly very narrow (less than 0.5 cm), and are dominated by very fine-grained, anhedral magnetite. The pyrite grains are also fine-grained (up to 100 μm) and are commonly anhedral in shape. They coexist with magnetite, chalcopyrite (Figure 5c and Figure 7a,b), and minor amounts of bornite, gold, and molybdenite.



The transitional porphyry to epithermal, D-type veins are very well developed in the Pagoni Rachi system and are the major carrier of Au in the system [65]. They form discontinuous planar to curvy veins that are up to 15 cm wide (Figure 6d–f). Pyrite occupies more than 90% of the vein, and is associated with strong sericitic (sericite, quartz, and calcite) alteration of the host rock which obliterated earlier alteration assemblages. Pyrite in D-type veins (Figure 7c–f) is massive and it forms anhedral grains up to 0.5 cm in size. Some brecciation is evident, and locally, pyrite grains are characterized by suture-like grain boundaries (Figure 7c). They commonly contain numerous, minute inclusions of pyrrhotite and/or chalcopyrite (Figure 7d–f). Pyrite is also spatially associated with molybdenite (Figure 7e). In such cases, molybdenite forms fine- to medium-grained aggregates composed of elongated crystals, and fills interstices (Figure 7e), or can be included in pyrite (Figure 5d). Fine-grained native gold (up to 15 μm in size) occurs in fractures of pyrite crystals (Figure 7f), or along their margins (Figure 8e).



Base and precious metal-bearing, epithermal-style veins (E-type) occur laterally and/or crosscut the porphyry-style mineralization. They are composed mainly of alternating bands of quartz and calcite (Figure 6h,i). In these veins, pyrite forms medium- to coarse-grained (up to 1 cm) crystals that occur either as isolated grains in the quartz and calcite-dominated matrix, or as aggregates with other sulfides. They exhibit idiomorphic, commonly cubic, shapes (Figure 7g–i and Figure 8f). Pyrite in E-type veins is associated with galena, sphalerite, chalcopyrite, covellite, and tetrahedrite-tennantite group minerals (Figure 7g–i). The other sulfides as well as the fahlores, develop as rims on or as inclusions in pyrite crystals, or in fractures, which suggests they postdated the formation of pyrite.




4.2. Major and Trace Element Geochemistry of Pyrite


Electron probe micro-analyses (EPMA) of various generations of pyrite are summarized in Table 2 and plotted in Figure 8. Results of the LA-ICP-MS analyses of pyrite from the Konos Hill and the Pagoni Rachi prospect are shown in Table 3 and Table 4, respectively. Chemical differences between the various generations of pyrite from both prospects, based on their trace element content, are illustrated in Figure 9 and Figure 10.



4.2.1. EPM Analyses


The Fe and S content of pyrite form the Konos Hill prospect varies in the two mineralization stages (Table 2). Specifically, the Fe content of pyrite from the D-type veins ranges between 45.85 and 47.06 wt.%, while the S content is in the range between 52.55 and 54.24 wt.%. In E-type veins, the compositional variation is wider for both elements: Fe ranges between 45.84 and 48.37 wt.%, and, between 51.41 and 54.18 wt.% (Figure 8a). These variations partly reflect the presence of trace element impurities that substitute for both Fe and S, in the structure of pyrite [4,6,79]. Arsenic in pyrite from D-type veins is minor, reaching values of up to 0.19 wt.% and thus, it does not display any systematic relation to the content of sulfur. However, in E-type veins, As is a major impurity and reaches values of up to 1.48 wt.%. The negative correlation between the two elements indicates substitution of S by As (Figure 8b).



In the Pagoni Rachi prospect, pyrite from the early, magnetite-rich (M-type) veins is characterized by Fe and S values that are relatively homogenous and range from 45.59 to 46.89 wt.% and 52.27 and 53.70 wt.%, respectively (Figure 8c). Compared to pyrite from these veins, pyrite from the D-type veins is characterized by slightly higher Fe values, that are in the range 46.05–47.01 wt.%, and by slightly lower S values, that vary from 51.74 to 53.61 wt.%. The higher values for both elements, are in pyrite from the E-type veins. In these grains of pyrite, Fe ranges between 45.68 wt. and 47.07 wt.%, and S between 52.98 and 54.66 wt.% (Figure 8c). Arsenic is within the range of trace concentrations of up to 0.14 wt.%, 0.34 wt.%, and 0.09 wt.%, that is observed in pyrite from the M-, D-, and E-type veins, respectively (Figure 8d). The majority of the other elements are mostly below detection limits (Table 2).




4.2.2. LA-ICP-MS Analyses


The trace elements concentration of pyrite exhibits important variations between the two stages of mineralization at the Konos Hill prospect (Table 3). The most abundant trace element is As, which reaches values up to 1577 ppm in pyrite from D-type veins, and up to 16,429 ppm in pyrite from E-type veins. Pyrite from both stages is characterized by relatively low Au content, which contains values of only up to 0.06 ppm and 1.10 ppm, respectively. The Ag content reflects a preferable enrichment in the late stage of the mineralization (up to 19 ppm in E-type veins), relative to D-type veins where its concentration never exceeds the detection limit. Regarding the rest of the trace elements, pyrite from the D-type veins is depleted in all elements except for Co (up to 1395 ppm) and Se (up to 233 ppm) in contrast to pyrite from E-type veins, which is characterized by much less Co (up to 457 ppm) and is depleted in Se (below the detection limit). Nickel and Cd have an opposite behavior to Co, being enriched in pyrite from E-type veins (up to 628 ppm and 41 ppm, respectively), relative to pyrite from D-type veins (up to 46 ppm and 0.50 ppm, respectively). Other notable concentrations in pyrite from E-type veins that are generally well above detection limits are Pb (up to 898 ppm), Cu (351 ppm), Sb (up to 292 ppm), and Bi (up to 42 ppm). Molybdenum is characterized by very low concentrations in D-type pyrite but reaches values of up to 15 ppm in pyrite from the late, E-type veins. Traces of Ga and Ge occur in both D- and E-type pyrite, however, the average values for both elements are higher in the epithermal stage with average values for Ga and Ge are 0.27 ppm and 1.15 ppm at the Konos Hill prospect.



In the Pagoni Rachi prospect, LA-ICP-MS analyses reveal a large variation in the concentration of trace elements among the various generations of pyrite (Table 4). Pyrite from the early magnetite veins (M-type) is characterized by very low contents of Au and Ag (up to 0.61 ppm and 2 ppm, respectively), and elevated concentrations of Zn and Cu, which reach values of up to 2751 ppm and 1659 ppm, respectively. The concentration of As content is relatively low (maximum value is 233 ppm), but it is relatively enriched in Se (up to 137 ppm) and Pb (up to 129 ppm). Other elements that exhibit low concentrations are Ni (up to 77 ppm), Cd (up to 27 ppm), Co (up to 13 ppm), and Mo (up to 9 ppm), while the rest of the elements analyzed are generally below 5 ppm.



Pyrite in D-type veins is enriched in Cu (up to 9824 ppm), while the concentration of As varies between 91 and 3745 ppm. Cobalt, Se, and Ni display relatively high concentrations of up to 576 ppm, 187 ppm, and 113 ppm, respectively. Molybdenum is as high as 33 ppm, while Au and Ag reach concentrations of up to 4 ppm and 0.6 ppm, respectively. The rest of the elements are characterized by very low concentrations (generally below 5 ppm) except for Pb and Bi, both of which reach values of up to 18 ppm.



Pyrite in E-type veins contains Bi and Zn with up to 7451 ppm and 2012 ppm, respectively, with the latter being comparable to the Zn content of in pyrite in M-type veins. Other elements that are enriched in pyrite from E-type veins include Pb (up to 620 ppm), Co (up to 198 ppm), As (up to 121 ppm), and Se (11–63 ppm). Copper (up to 31 ppm) is depleted in pyrite in E-type veins compared to that in earlier stages of metallic mineralization. Moreover, the concentration of Au is relatively small (up to 0.33 ppm), while Ag, which also displays small concentration is preferably found in pyrite from the E-type veins (up to 2 ppm). Additionally, minor amounts of Ga and Ge were measured, with average values (2.37 ppm and 1.64 ppm, respectively) being higher compared to those in pyrite from M- and D-veins (Table 4).






5. Discussion


5.1. Distribution of Trace Elements in Porphyry-Style Pyrite


Pyrite from the early stages of porphyry-style deposits is commonly characterized by a poor budget of trace elements (e.g., [6,19,30]).



The gold content of pyrite in the Konos Hill and the Pagoni Rachi systems is relatively low. The only exception is pyrite from the D-type veins in the Pagoni Rachi prospect, where Au values reach up to 4.35 ppm. This is consistent with the findings of Voudouris et al. [65], who reported that the major introduction of gold in the system occurred during the D-event. Since the speciation of gold in pyrite is highly dependent on its arsenic content [8], it is evident from the plots in Figure 9a,b that the gold concentration of pyrite from Konos Hill and Pagoni Rachi never exceeds the solubility limit of Au as a function of As. Thus, no gold nanoparticles (Au0) are present, meaning that gold is incorporated as a non-stoichiometric substitution in the structure of pyrite (Au+1). However, a visual correlation between Au and As is evident (Figure 9a,b). Regarding its relation to Cu, Au displays a weak correlation in pyrite from all stages at the Pagoni Rachi system (Figure 9c,d).



Given the absence of an early M-type event in the Konos Hill prospect, the hypothesis of the deficiency of pyrite in trace elements during the early stages of the porphyry mineralization can only be tested for the Pagoni Rachi prospect, where magnetite-veins constitute the first ore stage [65,66]. Pyrite from M-type veins is generally characterized by small concentrations of trace elements, but there are a few exceptions; a high concentration of Cu, Zn, and Se and minor Cd is evident. The values that characterize the majority of these elements are higher in the Pagoni Rachi prospect compared to those described from mineralization related to sodic-potassic and potassic alteration in other deposits, for example, the Pebble porphyry Cu-Mo-Au deposit [31]. The abundance of chalcopyrite in association with pyrite and magnetite in M-veins suggests elevated availability of Cu during this event, and probably indicates the presence of Cu2+ in solid solution in pyrite. A similar abundance in the precipitating fluid can be inferred for Zn, as it also shows elevated values.



These findings from M-type related pyrite are consistent with the of Mavrogonatos et al. [66], who described elevated content of Cu and Zn in hydrothermal magnetite, at the Pagoni Rachi prospect, thus strengthening the hypothesis of elevated concentrations of Cu and Zn in the precipitating fluid. Given the highly-saline nature of the fluid that precipitated A-type quartz veins, which formed synchronously with M-type veins (38.9–69.9 wt.% NaCl equivalent [65]), the Zn (and possibly Cu) enrichment in the brine during this stage is further supported by the work of Ding and Seyfried [80], Bazarkina et al. [81], and Pokrovski et al. [82], who suggested that metals with a chloride affinity like Zn, are fixed in dense, highly saline brines.



The Mo values of pyrite from the porphyry stages at both prospects are low (up to 15 ppm at Konos Hill and up to 10 ppm at Pagoni Rachi), although molybdenite is widespread in the porphyry-style mineralization (Figure 9e,f). This suggests that Mo is preferably precipitating as a metal sulfide rather than substituting in the structure of pyrite. The correlation between Mo and Au in pyrite from the D-type veins at Pagoni Rachi (Figure 9f) is strong evidence of the contemporaneous introduction of these elements during this mineralization stage. A similar hypothesis can be made for Au with Ag, and Mo in the early magnetite veins.



High concentration of selenium in D-type pyrite from both prospects as well as in pyrite from M-type veins at the Pagoni Rachi prospect is notable. According to Huston et al. [13] and Layton-Matthews et al. [83], who conducted thermodynamic modelling on the chemistry of selenium, the Se content of pyrite is solely a function of the ΣSe/S ratio of the precipitating fluid, and thus it reflects its availability in the precipitating hydrothermal fluids. There is no systematic relationship between Se and the Au content of pyrite in the deposits studied here (Figure 9g,h). The correlation of Se with other trace elements, like Co and/or Ni (in some porphyry and the epithermal stages of the studied prospects), could reflect the presence of selenides that incorporate such elements (e.g., like the mineral tyrrellite [Cu(Co,Ni)2Se4], [10]). This speculation is in agreement with the findings of Voudouris et al. [65], who reported the presence of two unnamed, Se-bearing inclusions in pyrite. However, the obtained ablation patterns do not clearly show the presence of such inclusions and suggests a homogeneous distribution of these elements in pyrite.




5.2. Distribution of Trace Elements in Epithermal-Style Pyrite


The compositional variation between pyrite from the M-, D-, and E-type veins (Figure 10) is most According MDPI layout likely due to variation in the composition of the precipitating fluid. For example, this can result from the mixing between different pulses of hydrothermal fluids, a common and repeated process during the evolution of porphyry systems (e.g., [29,84,85,86,87,88,89]). However, a roughly common trend is present for the metal endowment of the two studied systems (Figure 10).



Voudouris et al. [65] stated that the base and precious metal bearing veins (E-type) may represent the root zones of high-sulfidation veins at higher topographic levels of a given ore system, which seems to be the case for the higher levels of the Konos Hill prospect, where advanced argillic alteration assemblages occur in association with (mostly oxidized) high-sulfidation mineralization [49,61,62]. However, it remains speculative whether such a lithocap once overprinted the Pagoni Rachi system. Mineralogical similarities between D- and E-type veins (e.g., the presence of molybdenite or tellurides [65]) record the transition from the porphyry to the epithermal environment and is reflected in the changes in the trace element content of pyrite.



As indicated by their low visual correlation, As and Cu appear to have been decoupled (Figure 9i,j) in the porphyry-style stages of mineralization in the Konos Hill and the Pagoni Rachi prospects. This is in accordance with the findings of Reich et al. [6] who studied the trace elements distribution in pyrite from the Dexing porphyry Cu-Mo-Au deposit (China) and demonstrated that Cu is geochemically decoupled from As. This further suggests that this selective partitioning of metals into pyrite probably reflects compositional variations in the hydrothermal fluid [6]. The presence of micrometer-scaled chalcopyrite inclusions in D-type veins from the Pagoni Rachi prospect, likely indicates Cu-saturated conditions derived from cooling of high-temperature pyrite forming fluids as the hydrothermal system evolved with time [78]. Chalcopyrite inclusions in pyrite from D-type veins at Pagoni Rachi are indicated by the LA-ICP-MS profile (Figure 11a) where, a spot analysis yielded a remarkably high value (9824 ppm) of Cu.



This decoupling behavior does not characterize pyrite from E-type veins, indicating a more homogeneous introduction of Cu and As, at the epithermal stages (E-type veins) of both prospects. Regardless, the As content of pyrite from the epithermal stage of both prospects is relatively low, when compared to other epithermal gold deposits (e.g., Yanacocha, Peru, [29]), thus indicating a restricted activity of As in the late hydrothermal fluids [19] and/or its preferable incorporation into other As-bearing phases (e.g., fahlores).



Another distinctive feature of pyrite from the late E-type veins, is their Pb content. Generally, Pb displays high concentrations in the epithermal-style veins (up to 898 ppm and 620 ppm at Konos Hill and Pagoni Rachi, respectively) rather than in the porphyry mineralization. These values are likely due to Pb substituting for Fe in the structure of pyrite, despite the much larger size of the Pb ion, as indicated by the flat LA-ICP-MS Pb-patterns (Figure 11).



The transition between the porphyry and epithermal stages is also supported by the presence of Se in pyrite throughout the depositional history of both systems, thus indicating that Se was present during the evolution of the porphyry to epithermal stages.



A distinctive feature of pyrite from the E-type stage in the Konos Hill and Pagoni Rachi prospects (Figure 9k,l) is their Bi content, compared to pyrite from the other stages of mineralization. The majority of the analytical spots yielded values >1 ppm Bi, similar to other epithermal pyrite elsewhere, while the extreme Bi value of 7451 ppm, indicates the presence of a Bi-bearing phase during the ablation procedure, as reflected by the peak for Bi in Figure 11b. The presence of Bi along with Te and Au in the mineralization, in the form of Bi-tellurides/sulfosalts or Bi-bearing galena, appears to be diagnostic of the proximity to a magmatic center [55,90]. This characteristic holds true for both the Konos Hill and the Pagoni Rachi epithermal style veins, as they occur laterally or overprint the porphyry-stage mineralization. Thus, Bi which was likely transported by magmatic volatiles that was derived from the causative intrusion into the hydrothermal fluids, could have been incorporated into the structure of pyrite as well as forming Bi sulfosalts and tellurides in E-type veins [65].




5.3. Fingerprinting the Transition from the Porphyry to Epithermal Environment—Comparison to Other Porphyry/Epithermal Systems


The composition of pyrite is known to roughly reflect the metal endowment of the precipitating fluid in many hydrothermal systems, with the porphyry-epithermal association being, among others, a prominent example [3]). Despite the relatively restricted availability of compositional data for pyrite from porphyry systems worldwide, the chemical composition of pyrite from the Konos Hill and the Pagoni Rachi porphyry/epithermal systems seems to follow the general trend of other deposits, although there are notable differences.



The gold content of pyrite in the porphyry mineralization studied here is generally in the range of values that commonly characterize pyrite from porphyry-style deposits, which is characterized by low values and a homogeneous distribution. As indicated by the gold concentration in pyrite as a function of its As content (Figure 9a,b), the pyrite precipitating fluids at both deposits remained undersaturated in Au (cf. [6]). At the Konos Hill prospect, the gold content of pyrite increases from D-type veins to E-type veins (average values from 0.03 ppm to 0.62 ppm respectively), in accordance with an increase in the As content. Similar behavior has been described from other porphyry/epithermal deposits and prospects, like the Agua Rica porphyry/high sulfidation deposit [19] and the Lienetz porphyry-related epithermal system [20]). This observation has been attributed to the preferable scavenging of Au by the hydrothermal fluid in the high-temperature porphyry environment, in contrast to the shallow epithermal conditions, which favors the precipitation of gold. This accounts for the much higher Au grades in the epithermal deposits [3,7]. However, at the Pagoni Rachi system, early pyrite from M-type veins, as well as late pyrite from the epithermal stage, is characterized by gold contents (mean values of 0.18 ppm and 0.22 ppm, respectively), which are lower compared to pyrite from D-type veins (average 0.52 ppm Au). The As content follows the same trend: the maximum As values correlate with gold and are higher in pyrite in D-type veins. The late-stage epithermal pyrite is characterized by considerable lower As (and Au) content, which contrasts to that observed in other analogous porphyry/epithermal systems, where the transition from the porphyry to the epithermal environment is marked by an increase in the Au and As content of pyrite (e.g., [6]).



Another distinctive feature of early, porphyry-style pyrite worldwide, is their enrichment in Co, Se, Ni, and Cu [6,20,31]. Early M-vein hosted pyrite in the Pagoni Rachi system supports this observation. In the case of Pagoni Rachi the enrichment in Co, Se and Cu, is higher in pyrite D-type veins. This feature also characterizes pyrite in D-type veins in the Konos Hill system. The relative enrichment is apparent in Figure 12a, where, compared to pyrite in other porphyry-style deposits, pyrite from the prospects studied here displays higher Se concentrations. With regards to the Ni content of pyrite in the Konos Hill prospect, it is preferably enriched in late, E-type pyrite (average value 102 ppm), in contrast to other deposits, where Ni is usually enriched in pyrite in early, porphyry-style mineralization (e.g., [19,20,33]). The lack of enrichment in the Ni content of pyrite is present in the Pagoni Rachi system.



Recently, Alford et al. [33] proposed that a positive correlation between the Cu/Ni and Au/Co ratios occurs in pyrite formed during the transition from the porphyry to the epithermal style in the Lienetz mineralization in the Lihir deposit (Papua New Guinea). This correlation also holds true for pyrite studied here, owing mostly to the high Co values in pyrite and their generally low Au contents in porphyry-style mineralization (Figure 12b). This is more apparent for the ratios obtained from pyrite in the Konos Hill deposit. Although the same observation generally holds for correlation between Cu/Ni and Au/Co ratios for pyrite in the Pagoni Rachi prospect, the high Au content of pyrite from the D-type veins, as well as the higher concentration of Cu in pyrite in M- and D-vein pyrite, leads to an overlap with pyrite from the late, epithermal stage. These similarities imply, that late-stage mineralization that formed from hydrothermal fluids associated with the Pagoni Rachi record an evolution of a genetically-linked parental magmatic fluid, and its subsequent mixing with non-magmatic fluids, which lead to the formation of the epithermal-style mineralization. This is further supported by fluid inclusion studies of Voudouris et al. [65], who suggested that the formation of porphyry/epithermal mineralization at Pagoni Rachi was the result of the evolution of a hydrothermal fluid under constantly decreasing pressure and temperature conditions.



Several trace elements (including Pb, Sb, Bi, Ag) are concentrated in late E-type pyrite in the Konos Hill and Pagoni Rachi prospects, compared to their porphyry-style counterparts. An analogous observation by Franchini et al. [19] to propose that enrichment in this chalcophile group of trace elements in the epithermal pyrite in the Agua Rica deposit could partly be the result of leaching and remobilization from earlier (porphyry-style) pyrite. This hypothesis could be true for the prospects studied here and could be the mechanism that contributed (at least partly) to the metal budget of the epithermal-style pyrite. This is especially the case for the Pagoni Rachi prospect where, the presence of Se in late-stage (epithermal) pyrite supports the concept that the deep porphyry system gradually evolved to shallower epithermal conditions.



Based on the studies of Voudouris et al. [55,65,90], the Konos Hill and the Pagoni Rachi porphyry-epithermal prospects contain a variety of minerals that reflect the trace elements that are also enriched in pyrite (e.g., Au, Bi, Se). Their presence adds a new perspective to the economic significance of these deposits. The current study complements recent studies by Voudouris et al. [55,90,91], Voudouris [92], Melfos and Voudouris [93], and Mavrogonatos et al. [66] that identified potential mineralogical vectors useful in the exploration for precious and critical metals in porphyry/epithermal systems in Greece.



The LA-ICP-MS studies here reveal that gold is incorporated into the structure of pyrite rather than occurring as nano-, or micro- inclusions. Furthermore, the high correlation between Au and Cu in pyrite from M-type veins, and the high Se content of pyrite in D-type veins in both prospects, could be evaluated as an exploration tool for Au in other porphyry-epithermal prospects in northern Greece (particularly the province of Thrace).





6. Conclusions


Pyrite in the Konos Hill and Pagoni Rachi porphyry-epithermal prospects in NE Greece displays important variations in texture and trace element content in the various mineralization stages. Porphyry-style pyrite from both prospects is commonly fine-grained and anhedral and is associated mainly with varying amounts of magnetite, chalcopyrite, molybdenite, bornite, pyrrhotite, and native gold. In contrast, pyrite from the late epithermal (E-type) veins form idiomorphic, (commonly cubic) medium- to coarse-grained crystals that are associated with chalcopyrite, sphalerite, galena, and tetrahedrite-tennantite group minerals.



At the Konos Hill prospect, D-type veins associated with sericitic altered granodiorite, pyrite is characterized by elevated concentrations of Se, Cu, Co, and minor Zn, but is depleted in other trace elements. Pyrite in late, epithermal-style (E-type) calcite-quartz veins, associated with argillic alteration, is enriched in As, Cu, Pb, Ni, Sb, Bi, and minor Ag. In contrast, pyrite in M-type veins in the Pagoni Rachi prospect is associated with sodic/potassic-calcic alteration that is enriched in Cu, Zn, Se and minor Cd, but depleted in other trace elements, as commonly the case for early stages of porphyry-style mineralization elsewhere. The D-type veins host Au-rich pyrite that is also characterized by high concentrations of Cu (partly attributed to nano-inclusions), Co, and Se. In late E-type veins, pyrite is characterized by the abundance of Bi (also present as submicroscopic inclusions), Pb and Zn, with minor amounts of Se, and traces of Ga and Ge.



The presence of gold as a non-stoichiometric substituting element in the structure of pyrite and not as nanoparticles is a common feature for both prospects, regardless of the stage of metallic mineralization. Gold correlates with the As content of pyrite, especially in D-type veins from the Pagoni Rachi prospect, in contrast to many other porphyry-epithermal systems, where such a correlation usually characterizes the epithermal conditions. This is the case for the the Konos Hill prospect, where the concentrations of Au and As concentrations in pyrite is higher in the late, epithermal-stage.



Porphyry-style pyrite from both deposits, is generally enriched in trace elements compared to pyrite in from other porphyry deposits. Selenium in late, E-type pyrite from the Pagoni Rachi implies a genetic link and/or a constant evolution of the ore-forming system from the porphyry to the epithermal stage.



The composition of the studied pyrite generally follows the geochemical trends from other porphyry-epithermal systems, which reflects changes in the physico-chemical conditions of the ore forming fluids.
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Figure 1. Simplified geological map of northeast (NE) Greece (after Voudouris et al. [48]; Mavrogonatos et al. [49]) showing the most important porphyry-epithermal deposits and prospects in the area. The black box marks the location of the study area. 
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Figure 2. Geological (a) and alteration (b) map showing the location of the Konos Hill and Pagoni Rachi porphyry-epithermal prospects, among other mineralization occurring in the Sapes-Kirki area. 
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Figure 3. Field and hand-specimen photographs of pyrite-bearing ores from the Konos Hill porphyry-epithermal prospect: (a) Oxidized D-type veins crosscutting sericitic-altered granodiorite porphyry; (b,c) Surface outcrop of quartz stockwork veins crosscutting sericitic-altered granodiorite porphyry. Note in c that pyrite is mostly deposited along center lines of the quartz veins (sample KMSP64); (d) NNE-trending, epithermal-style, milky quartz-calcite vein (E-type) associated with quartz-sericite-calcite alteration of the host granodiorite porphyry; (e) Hand specimen with pyrite (Py) from the quartz-calcite vein shown in (d) (sample KMSP48); (f) Epithermal-style, quartz-calcite (E-type) vein with pyrite (Py) and sphalerite (Sp), (sample KMSP78). 
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Figure 4. Reflected light photomicrographs of pyrite and associated opaque minerals from different stages mineralization in the Konos Hill porphyry-epithermal prospect. (a) Anhedral, “corroded” pyrite (py) grains in quartz (Qz), from a D-type vein (Sample KMSP64); (b) Anhedral, “corroded” pyrite grain including pyrrhotite (Po), D-type vein (Sample KMSP64; (c) Disseminated molybdenite (Mol) in association with chalcopyrite (Ccp) and pyrite (Py) in quartz (Qz), D-type vein, (Sample KMSP64); (d) Euhedral pyrite (py) in quartz (Qz) that includes blebs of sphalerite (Sp) and galena (Gn), epithermal-style vein, (sample KMSP48); (e) Euhedral pyrite (py) associated with galena (Gn) and sphalerite (Sp), the latter displaying “chalcopyrite disease”, within quartz (Qz), E-type vein (KMSP48); (f) Euhedral pyrite rimmed by and including galena (Gn), in association with an intergrowth of chalcopyrite (Ccp) and tetrahedrite-tennantite group mineral (Ttr/Tnt), included in quartz (Qz), E-type vein (KMSP48). 
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Figure 5. SEM back-scattered electron images of pyrite-bearing assemblages. (a) Intergrowth of pyrite (Py) and molybdenite (Mol) in quartz (Qz), D-type vein, Konos Hill prospect (sample KMSP64); (b) Euhedral pyrite (Py) that includes galena (Gn) in quartz (Qz) and calcite (Cal), epithermal style vein, Konos Hill prospect (sample KMSP48); (c) Magnetite (Mag) with pyrite (Py) associated with quartz (Qz)—feldspar (Fsp, orthoclase and/or albite)— biotite (Bt)—epidote (Ep) altered granodiorite porphyry, M-type vein, Pagoni Rachi prospect (sample KMPR74); (d) Pyrite (Py) including minor pyrrhotite and associated with molybdenite (Mol), in sericite (Ser) and quartz (Qz) altered granodiorite porphyry, D-type vein, Pagoni Rachi prospect (sample KMPR66); (e) Native gold (Au) in association with pyrite (Py) in a sericite (Ser) and quartz (Qz) matrix, D-type vein, Pagoni Rachi prospect (sample KMPR66); (f) Euhedral pyrite (Py) crystals in quartz (Qz) and including galena (Gn) and sphalerite (Sp), E-type vein, Pagoni Rachi prospect (sample KMPR53). 
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Figure 6. Field and hand-specimens photographs of pyrite-bearing rocks from the Pagoni Rachi porphyry/epithermal prospect: (a) Sodic/potassic-calcic altered granodiorite porphyry crosscut by magnetite veinlets; (b,c) Magnetite (M-type) veins crosscutting sodic/potassic-calcic altered granodiorite (samples KMPR74 and KMPR68, respectively); (d) D-type pyrite (py) vein crosscutting sericitic-altered granodiorite porphyry; (e–f) Massive pyrite vein (D-type), cementing fragments of sericite altered granodiorite porphyry, grd = granodiorite (sample KMPR66); (g) Epithermal-style vein with sphalerite and pyrite, crosscutting sericitic-altered (sericite and calcite) granodiorite porphyry; (h,i) Hand specimens of epithermal-style, clear to milky quartz (Qz)—calcite (Cal) veins (E-type) with pyrite (Py), sphalerite (Sp) and galena (Gn) (samples KMPR53 and KMPR83, respectively). 
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Figure 7. Reflected light photomicrographs of pyrite and associated opaque minerals from different mineralization events in the Pagoni Rachi prospect. (a) Fine grained magnetite (Mag) in association with pyrite (Py) and chalcopyrite (Ccp), in calcic/potassic matrix dominated by feldspar (Fsp, orthoclase, and/or albite), quartz (Qz), feldspar (Fsp, orthoclase, and/or albite) biotite (Bt) and epidote (Ep), M-type vein (sample KMPR74); (b) Magnetite (Mag) along with pyrite (Py) in sodic/potassic-calcic altered granodiorite porphyry, consisting of quartz (Qz), feldspar (Fsp, albite, and/or orthoclase), biotite (Bt), epidote (Ep), and chlorite (Chl), M-type vein, (sample KMPR68); (c,d) Massive, subhedral to anhedral pyrite (Py), including minor pyrrhotite (Po), D-type vein, (sample KMPR66). Note in (d) the black circle indicates the laser-ablation ICP-MS analysis spot; (e) Subhedral pyrite (Py) intergrown with molybdenite (Mol) and including minor chalcopyrite (Ccp), D-type vein (sample KMPR66); (f) Native gold (Au) associated with pyrite (Py), which includes pyrrhotite (Po) and chalcopyrite (Ccp), D-type vein (sample KMPR66); (g) Euhedral pyrite (Py) in association with galena (Gn), sphalerite (Sp), covellite (Cv), and fahlores (Ttr/Tnt), in quartz (Qz), E-type vein (sample KMPR53); (h) Coarse-grained, euhedral pyrite (Py) and sphalerite (Sp) in quartz (Qz), epithermal-style vein (sample KMPR53); (i) Pyrite grain included in a quartz (Qz) and calcite (Cal) dominated matrix. The black circle marks the laser-ablation ICP-MS analysis spot, E-type vein (sample KMPR53). 
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Figure 8. Concentration of S versus Fe and As (in wt.%) in pyrite from different mineralization events at the Konos Hill ((a,b), respectively) and the Pagoni Rachi ((c,d), respectively) porphyry-epithermal prospects. 
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Figure 9. Trace elements variation plots of pyrite from different mineralization events at the Konos Hill (a,c,e,g,i,k) and the Pagoni Rachi (b,d,f,h,j,l) porphyry-epithermal prospects (same symbols as in Figure 8; values in ppm). (a,b) As versus Au. The black, dash-dotted curve represents the solubility limit of Au as a function of As concentration [8]; (c,d) Au versus Cu; (e,f) Mo versus Au; (g,h) Se versus Au; (i,j) As versus Cu; (k,l) Bi versus Cd, adopted from Keith et al. [7]. The maximum Bi value of 7451 ppm, attributed to Bi-bearing inclusion, has been excluded from the plot in 9l. 
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Figure 10. Multi-element variation plots (based on average values for each element) of pyrite from different vein types at the Konos Hill (a) and the Pagoni Rachi (b) porphyry-epithermal prospects (symbols as in Figure 8; values in ppm). 
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Figure 11. Time-resolved laser ablation ICP-MS depth profiles of Ag, As, Au, Bi, Co, Cu, Zn, Pb, Sb, and Se in pyrite. (a) D-type vein, (sample KMPR66). Most of the elements are characterized by homogeneous distribution, as expressed by their flat concentration patterns. The spiky pattern of Cu indicates the presence of submicroscopic inclusions (chalcopyrite); (b) E-type vein, (sample KMPR53). All elements but Bi show homogeneous distribution in pyrite. The spiky pattern of Bi is indicative of the presence of a submicroscopic, Bi-bearing phase (bismuthinite?). 
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Figure 12. (a) Variation of As versus Se in pyrite from the present study compared to pyrites from orogenic Au, Carlin-type, high-sulfidation (HS) epithermal, low-sulfidation (LS) epithermal, alkaline rock-hosted epithermal and porphyry Cu deposits (grey symbols). Adopted from Keith et al. [10]; (b) Cu/Ni versus Au/Co plot for various pyrite generations from the studied porphyry/epithermal prospects (adopted from Alford et al. [33]. Symbols as in Figure 8. 
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Table 1. Typology and alteration characteristics of pyrite-bearing mineralization stages analyzed in the present study, from the Konos Hill and Pagoni Rachi porphyry/epithermal prospects.
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Prospect

	
Vein Type

	
Vein Assemblage

	
Alteration Assemblage

	
Form, Texture, Zonation






	
Konos Hill

	
D-type

	
Qz + Py + Ccp ± Mol + Bn + Po + Hem + Ser

	
Ser + Qz ± Py ± Cal (“Sericitic”)

	
Continuous quartz-pyrite veins/pyrite-chalcopyrite-molybdenite veins reopening and overprinting earlier quartz veins




	
“Epithermal” (E-type)

	
Qz + Cal + Sp + Gn + Py + Ccp ± Tnt/Ttr ± Eng ± Ag-Au

	
Qz + Cal + Ser ± Kln

	
Continuous straight-sided, up to 15 cm wide, quartz-carbonate veins with sharp parallel walls




	
Pagoni Rachi

	
M-type

	
Mag + Ccp + Hem + Py + Bn + Or/Ab + Bt + Act + Ep + Mol + Au

	
Qz + Or/Ab + Act + Ep + Bt + Chl + Cal + Mag (“Sodic/Potassic-Calcic”)

	
Narrow (width less than 0.5 cm), irregular in shape and discontinuous and/or straight-sided veinlets




	
D-type

	
Py + Ccp ± Mol + Po + Hem + Ser ± Qz ± Au + Cal ± Rhn ± Bn ± Gn

	
Qz + Ser + Py ± Cal (“Sericitic”)

	
Continuous, up to 10 cm wide, massive pyrite veins, pyrite-molybdenite-chalcopyrite veins, reopening and overprinting eralier quartz veins




	
“Epithermal” (E-type)

	
Qz + Cal + Sp + Gn + Ccp + Py ± Tnt/Ttr ± Eng ± Ag-Au ± Tell ± Ser ± Kln

	
Qz + Cal + Ser ± Kln

	
Continuous straight-sided, up to 20 cm wide, quartz-carbonate veins with sharp parallel walls








Abbreviations: Act = actinolite, Ab = albite, Ag-Au = gold-silver alloy, Au = native gold, Bn = bornite, Bt = biotite, Cal = calcite, Chl = chlorite, Ccp = chalcopyrite, Ep = epidote, Eng = enargite, Gn = galena, Hem = hematite, Kln = kaolinite, Mag = magnetite, Mol = molybdenite, Or = orthoclase, Py = pyrite, Po = pyrrhotite, Rhn = Rheniite, Qz = quartz, Ser = sericite, Sp = sphalerite, Tell = tellurides, Tnt = tennantite, Ttr = tetrahedrite.
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Table 2. EPM analyses of various pyrite generations from the Konos Hill and Pagoni Rachi porphyry/epithermal prospects. All values are reported in wt.%. For the full dataset please refer to supplementary Table S2.
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Konos Hill Prospect




	
Type

	
D-type (n = 29)

	
E-type (n = 17)

	




	
Element

	
MIN

	
MAX

	
SD

	
AVRG

	
MIN

	
MAX

	
SD

	
AVRG

	

	

	

	




	
As

	
0.04

	
0.19

	
0.04

	
0.03

	
0.11

	
1.48

	
0.41

	
0.32

	

	

	

	




	
Fe

	
45.85

	
47.06

	
0.34

	
46.47

	
45.84

	
48.37

	
0.58

	
46.70

	

	

	

	




	
Cu

	
b.d.l.

	
0.05

	
0.01

	
0.01

	
b.d.l.

	
0.23

	
0.06

	
0.04

	

	

	

	




	
Ni

	
b.d.l.

	
b.d.l.

	
-

	
-

	
b.d.l.

	
b.d.l.

	
-

	
-

	

	

	

	




	
Co

	
0.05

	
0.14

	
0.02

	
0.08

	
b.d.l.

	
0.03

	
0.03

	
002

	

	

	

	




	
Au

	
b.d.l.

	
0.08

	
0.03

	
0.02

	
b.d.l.

	
0.07

	
0.01

	
0.00

	

	

	

	




	
Se

	
b.d.l.

	
0.06

	
-

	
-

	
b.d.l.

	
b.d.l.

	
-

	
-

	

	

	

	




	
S

	
52.55

	
54.24

	
0.48

	
53.29

	
51.41

	
54.18

	
0.74

	
53.14

	

	

	

	




	
Total

	
98.56

	
101.13

	
0.71

	
99.91

	
99.58

	
100.77

	
0.58

	
100.17

	

	

	

	




	
Pagoni Rachi Prospect




	
Type

	
M-type (n = 22)

	
D-type (n = 26)

	
E-type (n = 15)




	
Element

	
MIN

	
MAX

	
SD

	
AVRG

	
MIN

	
MAX

	
SD

	
AVRG

	
MIN

	
MAX

	
SD

	
AVRG




	
As

	
b.d.l.

	
0.14

	
0.03

	
0.02

	
b.d.l.

	
0.34

	
0.07

	
0.05

	
b.d.l.

	
0.09

	
0.03

	
0.02




	
Fe

	
45.59

	
46.89

	
0.32

	
46.23

	
46.05

	
47.01

	
0.26

	
46.35

	
45.68

	
47.07

	
0.34

	
46.54




	
Cu

	
b.d.l.

	
0.05

	
0.02

	
0.01

	
b.d.l.

	
0.04

	
0.01

	
0.01

	
b.d.l.

	
0.05

	
0.02

	
0.01




	
Ni

	
b.d.l.

	
0.03

	
0.01

	
0.00

	
b.d.l.

	
0.20

	
0.04

	
0.01

	
b.d.l.

	
b.d.l.

	
-

	
-




	
Co

	
0.05

	
0.64

	
0.14

	
0.13

	
0.08

	
0.30

	
0.06

	
0.07

	
b.d.l.

	
0.01

	
-

	
-




	
Au

	
b.d.l.

	
0.16

	
0.04

	
0.02

	
b.d.l.

	
0.16

	
0.04

	
0.04

	
b.d.l.

	
0.06

	
-

	
-




	
Se

	
b.d.l.

	
b.d.l.

	
-

	
-

	
b.d.l.

	
0.10

	
0.02

	
0.04

	
b.d.l.

	
b.d.l.

	
-

	
-




	
S

	
52.27

	
53.70

	
0.35

	
52.88

	
51.74

	
53.61

	
0.45

	
52.73

	
52.98

	
54.66

	
0.49

	
53.79




	
Total

	
98.69

	
100.55

	
0.53

	
99.29

	
98.73

	
100.23

	
0.49

	
99.26

	
98.70

	
101.31

	
0.75

	
100.09








(n = number of analyses; MIN = minimum value; MAX = maximum value; SD = standard deviation; AVRG = average value; b.d.l. = below detection limit).
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Table 3. LA-ICP-MS analyses of various pyrite generations from the Konos Hill porphyry/epithermal prospect. All values are reported in ppm. For the full dataset please refer to supplementary Table S3.
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Element

	
D-type (n = 15)

	
E-type (n = 12)




	
MIN

	
MAX

	
SD

	
AVRG

	
MIN

	
MAX

	
SD

	
AVRG






	
Mn

	
0.57

	
1.12

	
0.19

	
0.75

	
0.42

	
13

	
4.90

	
6.55




	
Co

	
0.56

	
1395

	
378

	
254

	
0.30

	
457

	
156

	
101




	
Ni

	
3.50

	
46

	
15

	
18

	
1.96

	
628

	
196

	
102




	
Cu

	
0.30

	
9.12

	
2.99

	
2.33

	
4.78

	
351

	
124

	
111




	
Zn

	
2.11

	
3.35

	
0.47

	
2.75

	
3.99

	
49

	
15

	
18




	
Ga

	
0.13

	
0.56

	
0.25

	
0.27

	
0.17

	
2.00

	
0.53

	
0.85




	
Ge

	
1.03

	
1.22

	
0.09

	
1.15

	
0.75

	
2.20

	
0.52

	
1.29




	
As

	
7.22

	
1577

	
485

	
436

	
688

	
16,429

	
5207

	
8203




	
Se

	
21

	
233

	
69

	
93

	
b.d.l

	
b.d.l.

	
-

	
-




	
Mo

	
0.12

	
0.12

	
-

	
0.12

	
0.41

	
15

	
4.85

	
4.00




	
Ag

	
b.d.l.

	
b.d.l.

	
-

	
-

	
0.92

	
19

	
6.38

	
8.76




	
Cd

	
0.47

	
0.50

	
0.02

	
0.49

	
0.49

	
41

	
13

	
13




	
In

	
b.d.l.

	
b.d.l.

	
-

	
-

	
0.04

	
0.25

	
0.08

	
0.09




	
Sn

	
0.16

	
0.21

	
0.04

	
0.19

	
0.29

	
9

	
3.18

	
1.81




	
Sb

	
0.10

	
0.11

	
0.01

	
0.10

	
1.98

	
292

	
99

	
131




	
W

	
0.04

	
0.04

	
-

	
0.04

	
0.01

	
0.40

	
0.13

	
0.18




	
Au

	
0.02

	
0.06

	
0.01

	
0.03

	
0.09

	
1.10

	
0.30

	
0.62




	
Tl

	
0.00

	
0.01

	
0.00

	
0.01

	
0.05

	
18

	
6.31

	
11




	
Pb

	
0.05

	
0.48

	
0.13

	
0.27

	
34

	
898

	
277

	
401




	
Bi

	
0.02

	
0.11

	
0.04

	
0.06

	
0.21

	
42

	
12

	
4.55








n = number of analyses; MIN = minimum value; MAX = maximum value; SD = standard deviation; AVRG = average value; b.d.l. = below detection limit.
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Table 4. LA-ICP-MS analyses of various pyrite generations from the Pagoni Rachi porphyry/epithermal prospect. All values are reported in ppm. For the full dataset please refer to supplementary Table S3.
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Element

	
M-type (n = 16)

	
D-type (n = 22)

	
E-type (n = 12)




	
MIN

	
MAX

	
SD

	
AVRG

	
MIN

	
MAX

	
SD

	
AVRG

	
MIN

	
MAX

	
SD

	
AVRG






	
Mn

	
0.53

	
9.10

	
2.64

	
2.74

	
0.59

	
5.83

	
1.35

	
1.87

	
0.92

	
264

	
80

	
58




	
Co

	
0.49

	
13

	
3.63

	
3.67

	
0.28

	
576

	
169

	
97

	
1.24

	
198

	
49

	
55




	
Ni

	
2.88

	
77

	
22

	
20

	
3.27

	
113

	
25

	
22

	
4.38

	
52

	
17

	
28




	
Cu

	
0.54

	
1659

	
524

	
168

	
0.49

	
9824

	
2530

	
678

	
6.22

	
31

	
8.52

	
16




	
Zn

	
2.04

	
2751

	
734

	
199

	
3.02

	
3.55

	
0.22

	
3.39

	
3

	
2012

	
669

	
326




	
Ga

	
0.15

	
0.16

	
0.01

	
0.15

	
0.12

	
0.70

	
0.26

	
0.37

	
1

	
4

	
1.25

	
2.37




	
Ge

	
1.09

	
1.22

	
0.07

	
1.16

	
1.09

	
1.59

	
0.18

	
1.27

	
1.1

	
3

	
0.65

	
1.64




	
As

	
3.20

	
233

	
80

	
78

	
91

	
3745

	
1084

	
1166

	
3.77

	
121

	
43

	
63




	
Se

	
11

	
137

	
45

	
77

	
42

	
187

	
39

	
91

	
11

	
63

	
17

	
29




	
Mo

	
0.11

	
8.69

	
4.20

	
2.39

	
0.09

	
33

	
9.98

	
11

	
0.36

	
4

	
1.22

	
2.23




	
Ag

	
b.d.l.

	
2.10

	
-

	
2.10

	
0.56

	
0.56

	
-

	
0.56

	
0.56

	
2

	
0.49

	
1.32




	
Cd

	
b.d.l.

	
27

	
18

	
14

	
b.d.l.

	
b.d.l

	
-

	
-

	
0.61

	
6

	
1.65

	
1.75




	
In

	
b.d.l.

	
0.20

	
0.10

	
0.09

	
0.03

	
0.04

	
0.01

	
0.03

	
0.09

	
0.10

	
0.01

	
0.10




	
Sn

	
b.d.l.

	
0.17

	
-

	
0.17

	
0.13

	
0.19

	
0.04

	
0.16

	
b.d.l.

	
0.20

	
0.03

	
0.18




	
Sb

	
0.07

	
1.08

	
0.44

	
0.50

	
0.13

	
0.57

	
0.20

	
0.33

	
0.17

	
1.77

	
0.46

	
0.53




	
W

	
b.d.l.

	
0.24

	
-

	
0.24

	
0.03

	
0.23

	
0.09

	
0.08

	
0.01

	
0.11

	
0.04

	
0.06




	
Au

	
0.02

	
0.61

	
0.25

	
0.18

	
0.04

	
4.35

	
1.21

	
0.52

	
0.09

	
0.33

	
0.09

	
0.22




	
Tl

	
0.01

	
0.02

	
0.00

	
0.01

	
0.01

	
0.01

	
-

	
-

	
0.06

	
0.21

	
0.05

	
0.15




	
Pb

	
0.04

	
129

	
43

	
24

	
0.05

	
18

	
5.09

	
3.43

	
34

	
620

	
166

	
134




	
Bi

	
0.02

	
4.85

	
1.76

	
1.07

	
0.03

	
18

	
4.06

	
3.04

	
0.14

	
7451

	
628

	
2148








n = number of analyses; MIN = minimum value; MAX = maximum value; SD = standard deviation; AVRG = average value; b.d.l. = below detection limit.
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