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Porphyry-epithermal systems associated with high-K calc-alkaline to alkaline igneous host rocks may be prospective for the recovery of Te among related elements like Cu, Ag, and Au. Limnos Island, as part of the Tethyan magmatic belt, is such an example, where (telescoped) porphyry-epithermal mineralization is accompanied by different alteration-styles reflecting various hydrothermal processes. Here, we present in-situ S isotope and trace element data of pyrite, which records the fluid evolution from the early porphyry to the late epithermal stage in three distinct prospects (Fakos, Kaspakas, Sardes) on Limnos Island. Pyrite in the sericitic alteration of Fakos mainly formed from single-phase magma-derived fluids lacking evidence for phase separation, as reflected by relatively constant δ34S (about −4‰) and Co/Ni (0.1-1) values. By contrast, in the sericitic alteration of Kaspakas and the following epithermal stages, an influence of boiling is implied by negative δ34S values to −15‰, significant intergrain δ34S variations (>3‰), highly variable Co/Ni (100-0.01) and As/Co (10-0.001) in pyrite. Higher δ34S values (above −4‰) in porphyry pyrite from Sardes and partly in the other two hydrothermal systems are related to mixing between magmatic S, and S which was transported through deeply circulated seawater and/or meteoric water. We propose that fluid-rock interaction buffered the pH to higher values, which enhanced the solubility of Au and Te. Subsequent boiling processes caused the Au deposition, whereas Te partitioned into the vapor and finally precipitated upon condensation into meteoric water. This process is accompanied by continuous cooling during fluid ascent from 780°C to <300°C, as indicated by increasing Sb, Tl, and Pb in pyrite from the porphyry to the epithermal stage. Consequently, the in situ δ34S and trace element analysis allows to constrain the depositional environment of economic metals like Au and Te in porphyry-epithermal prospects.
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1 INTRODUCTION
Porphyry-epithermal ore deposits are the most important sources for Cu, Mo, Au, Ag, Sn, and W (Seedorff et al., 2005; Simmons et al., 2005; Sillitoe, 2010; Cheng et al., 2018; Liu et al., 2021). Some of these deposits are associated with alkaline igneous rocks in post-subduction settings and represent an economically important sub-class of this deposit-type due to a significant enrichment in Au, Ag, Te, and platinum group elements (Jensen and Barton, 2000; Kelley and Spry, 2016; Cheng et al., 2018; McFall et al., 2018; Liu et al., 2021). Prominent examples of alkaline-hosted Au-Ag-Te porphyry-epithermal deposits are Porgera and Ladolam, Papua New Guinea (Richards and Kerrich, 1993; Sykora et al., 2018), Vatukoula, Fiji (Pals and Spry, 2003; Börner et al., 2021), and Cripple Creek, Colorado (Kelley and Spry, 2016; Keith et al., 2020). Porphyry-epithermal mineralization associated with high-K calc-alkaline to shoshonitic and alkaline igneous rocks also occur in Europe, for example, as part of the Tethyan metallogenic belt (Marchev et al., 2005; Wallier et al., 2006; Fornadel et al., 2012; McFall et al., 2018; Voudouris et al., 2019a). These mineralizations may hold yet underestimated resources of critical raw materials like Te for sustainable energy production (Voudouris et al., 2019a). However, the ore-forming processes in porphyry-epithermal systems that are genetically and spatially linked to high-K calc-alkaline to alkaline magmatic activity are still poorly constrained (Richards, 2011; Smith et al., 2017; Keith et al., 2020; Börner et al., 2021).
Magmas in post-subduction settings are derived from the subcontinental lithospheric mantle that was previously metasomatized during arc magmatism, possibly leading to an enrichment in chalcophile elements and a high ore-forming potential (Richards, 2011; Holwell et al., 2019). The water-rich (≥4 wt.%) and oxidized (ΔFMQ = 0 to +2) character of these magmas enhances the partitioning of metals into exsolving magmatic fluids, which may feed porphyry-epithermal systems in the upper crust (Sillitoe, 2010; Lee et al., 2012; Vigneresse et al., 2019; Richards, 2022). High-K calc-alkaline to alkaline igneous rocks that host a hydrothermal system have a high capacity to buffer the fluid pH towards higher values due to fluid-rock interaction (Kouzmanov and Pokrovski, 2012; Smith et al., 2017). For instance, the disproportionation of magmatic SO2 accompanying the ascent of magma-derived fluids would normally lead to fluid and host rock acidification (Ohmoto and Lasaga, 1982; Kouzmanov and Pokrovski, 2012). Instead, fluid-host rock buffering in alkaline porphyry-epithermal systems suppresses the pH decrease, leading to decreasing solubilities of Cl-complexed elements upon cooling, such as Co, Ni, and Cu (Heinrich, 2005; Kouzmanov and Pokrovski, 2012). By contrast, increasing fluid pH commonly enhances the solubility of Au and Te (Heinrich, 2005; Kouzmanov and Pokrovski, 2012; Grundler et al., 2013), which may be related to the formation of Au-Te rich mineralizations in alkaline-hosted environments (Zhang and Mao, 1995; Smith et al., 2017; Keith et al., 2020; Börner et al., 2021). Fluid-rock interaction and mineral precipitation lead to the formation of typical porphyry-epithermal alteration-styles, including calcic-sodic, potassic, sericitic, and advanced argillic (Sillitoe, 2010). Continuous cooling, crystallization and the retreat of the magma body accompanied by surface erosion or caldera collapse lead to telescoping (Sillitoe, 1994), i.e. overprinting of alteration zones that otherwise occur at distinct depth levels, which may cause an epithermal overprint in porphyry systems (Heinrich, 2005; Sillitoe, 2010).
Depending on the emplacement depth and degree of cooling, magmatic fluids may represent a single-phase supercritical liquid or comprise a low-density vapor and a high-density hypersaline liquid (>26 wt.% NaCl equivalent). Such fluids are typically related to lithostatic pressure conditions and may be ore-forming as part of the potassic alteration zone (Heinrich, 2005; Kouzmanov and Pokrovski, 2012). During ascent and cooling, the fluids pass the lithostatic-hydrostatic transition in the sericitic alteration zone, above which boiling and fluid mixing (including vapor condensation into meteoric fluids or seawater) are additional mechanisms of ore formation, which, besides mechanisms like conductive cooling, are particularly important in the epithermal environment (Hedenquist and Richards, 1998; Heinrich, 2005; Sillitoe, 2010; Kouzmanov and Pokrovski, 2012; Blundy et al., 2015). The combination of these processes leads to the typical bell-shaped mineralization and alteration in porphyry-epithermal systems, and is well documented by fluid inclusions hosted by the gangue mineralogy (Heinrich, 2005; Hurtig et al., 2021). However, fluid inclusions may not always report on the composition of the actual ore-forming fluids, to which the sulfides and the enrichment in critical elements is related (Redmond et al., 2004; Landtwing et al., 2005; Redmond and Einaudi, 2010). How these processes are preserved by the trace element and S isotope signature of hydrothermal sulfides is still debated and poorly investigated in the porphyry environment (Deditius et al., 2011; Reich et al., 2013; Hutchison et al., 2020; Eldridge et al., 2021; González-Jiménez et al., 2021).
We present a detailed study on the trace element and S isotope composition of pyrite from three distinct (telescoped) porphyry-epithermal prospects associated with high-K calc-alkaline and shoshonitic igneous rocks on Limnos Island, Greece. The close spatial and temporal relation of these three prospects makes it an ideal natural laboratory to study the fractionation processes of Te and related elements (e.g., Au, Ag) in the porphyry-epithermal environment.
2 GEOLOGICAL OVERVIEW
The northern Aegean Sea, where Limnos Island is located, is part of the Tethyan orogenic belt. This segment of the Alpine-Himalayan deformational belt extends eastward from Greece into Turkey and formed as a result of plate convergence between Africa and Eurasia. The Tethyan orogenic belt consists of three continental blocks (Rhodope, Pelagonia and Apulia) separated by fragments of oceanic crust (Vardar-Izmir and Pindos basins). These have been subject to nappe stacking and thrusting from late Cretaceous to Cenozoic time (van Hinsbergen et al., 2005; Jolivet and Brun, 2010; Ring et al., 2010). The subduction of the Vardar Ocean beneath the Rhodopes and the accretion of Pelagonia resulted in low temperature/high pressure metamorphism under blueschist to low eclogite facies conditions (e.g., Okrusch and Bröcker, 1990; Ring and Layer, 2003). Ongoing subduction during the Cenozoic led to the accretion of the Pindos Ocean followed by the subduction and accretion of Apulia in the late Eocene to early Miocene (Sotiropoulos et al., 2003; Ring et al., 2010). Besides the compressional evolution of the Aegean region, large scale back-arc extension occurred in response to slab roll-back and syn- to post-orogenic collapse of the Tethyan orogenic belt during late Mesozoic and Cenozoic time (Figure 1A; Jolivet and Brun, 2010; Ring et al., 2010; Menant et al., 2018). Igneous activity related to the southward migration of the subduction zone commenced in the late Cretaceous with the development of a volcanic arc in the Balkan region (Fytikas et al., 1980; De Boorder et al., 1998; Kilias and Mountrakis, 1998; Pe-Piper et al., 1998; Melfos et al., 2002), whereas the active volcanic arc lies in the south Aegean Sea (Figure 1A; Fytikas et al., 1984; Pe-Piper and Piper, 2002). Large amounts of sedimentary and continental material were subducted into the upper mantle. This possibly caused diapiric ascent from the slab and contributed to the high-K to shoshonitic magmatism in the northern Aegean region (Schaarschmidt et al., 2021a) that is associated with porphyry and epithermal mineralizations, such as those on Limnos Island (Figure 1; Gläser et al., 2022).
[image: Figure 1]FIGURE 1 | (A) Geographical overview, major tectonic units and porphyry-style deposits in the Aegean region. Modified after Pe-Piper et al. (2009), Baker (2019) and Voudouris et al. (2019b). The red rectangle outlines the location of Limnos Island in the Aegean shoshonite belt. (B) Simplified geological map of Limnos Island highlighting the different lithological units after Innocenti et al. (1994) and Pe-Piper et al. (2009). The different porphyry-epithermal systems and related sample locations (Table 1) are presented by the red diamonds (Fakos), green circles (Kaspakas), and blue squares (Sardes); (C) Detailed map of Fakos.
The geology of Limnos Island consists of Paleogene sediments that are partly overlain and intruded by three Miocene volcanic to subvolcanic units (Myrina, Romanou and Katalakon) (Figure 1B). The Paleogene sediments originate from the Rhodope orogen and were deposited into the North Aegean Trough, which was formed by post-orogenic collapse and extension (Bonev and Beccaletto, 2007; Caracciolo et al., 2011). The oldest sediments are of middle to late Eocene age and consist of turbidites and tuffs, while the younger sediments are interbedded marine to shallow marine sandstones, conglomerates, and marls. The onset of continental sedimentation in the early Miocene marks an abrupt change after a deformational and erosional phase (Innocenti et al., 2008). The igneous rocks on Limnos Island formed from ∼22.3 to 18 Ma and unconformably overlay the Paleogene sedimentary basement (Figure 1B; Fytikas et al., 1980; Roussos, 1993; Innocenti et al., 1994; Pe-Piper et al., 2009). The magmas show a subduction zone signature, influenced by fluids released from subducted sediments and lack evidence for crustal assimilation (Gläser et al., 2022). The igneous complex consists of hypabyssal intrusions, domes, lavas, and pyroclastic flows of high-K calc-alkaline to shoshonitic composition (Figure 1B; Gläser et al., 2022), which were subdivided into three volcanic units by Innocenti et al. (1994): 1) The Romanou unit (22.3 ± 0.7 Ma; Pe-Piper et al., 2009) consists of pyroclastic sequences and strombolian-type deposits of trachy-basaltic andesitic to rhyolitic composition (Pe-Piper et al., 2009). Continental sediments with abundant plant remnants, silicified wood, and silica associated with hot spring activity accompany the volcanic rocks of this unit (Figure 1B; Innocenti et al., 1994; VoudourisVelitzelos et al., 2007). 2) The Katalakon unit (21.3–20.2 Ma; Fytikas et al., 1980; Innocenti et al., 1994) cross-cuts the older Romanou unit and is exposed along a NW-SE trending zone in the western part of the island. Subvolcanic rocks of andesitic to dacitic composition dominate this unit together with a quartz-monzonite body that is exposed on the Fakos peninsula (Innocenti et al., 1994). 3) The Myrina unit (17.9–19.3 Ma; Fytikas et al., 1980) is separated from the Katalakon unit by NW-SE and N-S trending faults (Innocenti et al., 1994). Porphyritic dacites form lava domes and flows that occur in association with monogenic breccias and lahars (Innocenti et al., 1994). The tectonic evolution of Limnos Island is represented by an early compression, followed by different extensional phases (Roussos, 1993; Innocenti et al., 1994). Normal faults striking NE-SW and E-W are the dominant fault types on Limnos, which cross-cut both the sedimentary sequence and the igneous complexes (Figures 1B,C; Tranos, 2009).
The ∼20 Ma old Fakos quartz-monzonite in south-western Limnos was emplaced into Middle to Upper Eocene sandstones forming a Paleogene sedimentary basement and into Lower Miocene shoshonitic subvolcanic rocks of the lower Katalakon unit (Voudouris, 2006; Innocenti et al., 2008). Associated with the quartz-monzonite are multi-stage veins and mineralizations of a telescoped porphyry Cu and epithermal Au-Te system (Voudouris, 2006; Fornadel et al., 2012). Hydrothermal fluids silicified the sandstones around the intrusion center and locally introduced finely disseminated pervasive sulfides (Fornadel et al., 2012). Late E-W striking dikes of shoshonitic composition cross-cut the monzonite and other volcanic units (Voudouris, 2006; Kamvisis, 2019). The epithermal mineralization at Fakos is closely related to E-W trending fault zones (Figure 1B; Fornadel et al., 2012). The Kaspakas prospect is located in northwestern Limnos and is hosted in volcanic to subvolcanic rocks of the Katalakon unit (Figure 1B). The telescoped porphyry-epithermal system comprises quartz stockworks, which are cross-cut by quartz-tourmaline-carbonate veins with base metal sulfides (Voudouris et al., 2019b). The Sardes prospect is located in the central part of the island and comprises volcanic- to subvolcanic- and sediment-hosted mineralizations. The host rocks are part of the Katalakon unit and the Paleogene Sedimentary Basement (Figure 1B). Early porphyry-style mineralization is related to a sodic-calcic/potassic alteration assemblage followed by a later sericitic alteration including tourmaline veins (Voudouris et al., 2019b). Epithermal veins overprint both the altered subvolcanic rocks and the sediments that occur in close spatial relation to the porphyry system (Voudouris et al., 2019b).
3 METHODS
3.1 Samples and bulk rock analysis
Two sets of samples were investigated in this study, namely the LM series (Kaspakas n = 8; Sardes n = 6; Fakos n = 9) and the LM-JB series (Fakos n = 19, Tables 1–3). From these samples, a total of 17 polished thin sections were prepared at the University of Würzburg and 23 polished blocks were prepared at the University of Hamburg. A total of 17 representative samples from Fakos were crushed and milled to a homogenous powder for their mineralogical analysis by a Siemens D5000 X-ray diffractometer at the GeoZentrum Nordbayern (Supplementary Table S3). The data was processed using the Rietveld-algorithm with the Profex software package, which allowed a quantification of mineral abundances >1 wt.% (Doebelin and Kleeberg, 2015).
TABLE 1 | Compilation of the Fakos epithermal transitional and Fakos porphyry samples investigated in this study with respect to sample, sampling site, alteration type, mineralogy and applied analytical techniques.
[image: Table 1]TABLE 2 | Compilation of the Fakos HS and IS epithermal samples investigated in this study with respect to sample, sampling site, alteration type, mineralogy and applied analytical techniques.
[image: Table 2]TABLE 3 | Compilation of the investigated samples from Kaspakas and Sardes in this study with respect to sample, sampling site, alteration type, mineralogy and applied analytical techniques.
[image: Table 3]3.2 Major and trace element micro-analysis
The polished blocks and thin sections were examined by optical and electron microscopy for mineral phase identification at the GeoZentrum Nordbayern. A Tescan VEGA II XMU and a Hitachi TM 4000 scanning electron microscope equipped with an Oxford Instruments EDS detector were used at acceleration voltages of 15 kV or 20 kV to identify the unknown mineral phases.
Major and trace element mapping by a Bruker M4 Tornado µ-XRF was performed on six polished blocks (Kaspakas = 5; Sardes =1, Table 3) at the MAGMA Lab of the TU Berlin, aiming to quantify the main mineral phases. The instrument is equipped with an X-ray focusing capillar optic and two 30 mm2 silicon drift detectors. Mappings were performed using a 20 µm spot size. The Rh-anode was operated at 50 kV acceleration voltage and an anode current of 600 mA at a chamber vacuum of 20 mbar. Spots were set at intervals of 20 µm and measured for 90 ms yielding a total mapping time of about 24 h per polished block. Element quantification was performed by a standardless method (Flude et al., 2017). The energy position of the fluorescence lines and the power of the X-ray tube are calibrated monthly, using a set of single element standards provided by Bruker (Germany). Since small intergrowth of different minerals in alteration assemblages (e.g., feldspar and sericite) are common, the threshold for assigning a chemical composition by µ-XRF analysis to certain minerals was broadened. This may result in an underestimation of small grained minerals. Mineral quantification was carried out with ImageJ (Schneider et al., 2012).
The major and minor element composition of sulfides (pyrite, sphalerite, galena, and chalcopyrite) and sulfosalts (tennantite-tetrahedrite and bournonite) was determined by electron probe microanalysis (EPMA) using a JEOL JXA-8200 Superprobe at the GeoZentrum Nordbayern (Supplementary Table S2). The quantitative analysis was carried out in an evacuated chamber (<4.0 x 10–6 mbar) with a focused beam, an acceleration voltage of 20 kV and a beam current of 20 nA. Analyzed elements were Te, As, S, Cu, Cd, Au, Ag, Fe, Sb, Pb, and Zn, which refer to the following standards: AgTe2 (Te, Ag), InAs (As), FeS2 (Fe, S), CuFeS2 (Cu), CdS (Cd), Au (Au), InSb (Sb), ZnS (Zn), and PbTe (Pb). The measurements were performed on the following peaks and spectroscopic crystals: Te (Lα, PETJ), Ag (Lα, PETJ), Fe (Kα, LIF), S (Kα, PETJ), Cu (Kα, LIF), Cd (Lα, PETH), Au (Mα, PETJ), Sb (Lβ, PETJ), Pb (Mα, PETJ), Zn (Kα, LIF). The chemical formulae of the tennantite-tetrahedrite solid solution series were calculated on the basis of 29 atoms (Supplementary Table S2), according to the method described by Marushchenko et al. (2018). Stoichiometric calculations of the cation sums were used for data quality assurance. Most analyses displayed an uncertainty with respect to the ideal stoichiometric composition of ≤1 at.%. Analysis with analytical totals <99 and >101 wt.% were discarded and K-raw (K-raw = unknown intensity for element A at λ/standard intensity for element A at λ) values of the analyzed elements on the respective standards in the range of ≥99 to ≤101% were accepted (Table 1).
Each spot analyzed by EPMA was marked on a back-scattered electron image for the subsequent analysis of the same mineral grain by LA-ICP-MS (n = 416) using the S content of the respective mineral as the internal standard. The trace element analysis was carried out by a Teledyne Analyte Excite 193 nm laser coupled with an Agilent 7500c quadrupole ICP-MS at the GeoZentrum Nordbayern (Supplementary Table S5). Helium was used as the carrier gas with a mass flow rate of 650–900 ml/min. A single spot ablation pattern with a frequency of 10–20 Hz, an irradiance of 0.77 GW/cm2 and a fluence of 3–4 J/cm2 was applied. A beam diameter of 25 μm was used and on occasion of 20 to 10 μm according to sulfide crystal size. Total run time was set to 60 s including 20 s of gas blank analysis prior to ablation. The reference material Po724 B2 SRM (Memorial University Newfoundland) was used for the external standardization of Au and MASS-1 for all other elements. The UQAC FeS-1 reference material (https://sulfideslasericpms.wordpress.com) was used as a secondary standard. Relative standard deviations (RSD) for most elements were <10%–15% (Supplementary Table S4). The sulfide standards were analyzed several times during an analytical day to monitor the instrument drift. Trace element concentrations and minimum detection limits (Supplementary Table S5) were processed with the Iolite software package developed at the University of Melbourne (https://iolite-software.com). Spikes in the time-resolved laser ablation spectra were excluded for the calculation of the trace element concentrations.
3.3 In‐situ δ34S analysis
The quantitative in-situ analysis of 34S/32S ratios was performed at the MAGMA Lab of the TU Berlin using a Teledyne Analyte Excite 193 nm excimer laser coupled to an Agilent 8900 ICP-MS/MS. Helium was used as the carrier gas at a total mass flow rate of 800 ml/min (Supplementary Table S6). The S isotopes were measured in mass shift mode using an O2 filled reaction cell at O2 flow rates of 0.165 ml/min to avoid interferences of molecular ions at m/z = 32 (e.g., 16O16O+ and 14N18O+) and m/z = 34 (18O16O +and 15N18OH+). To maximize the spatial resolution, the analysis was performed in spot mode using a 50 µm spot size at a repetition rate of 10 Hz. The Balmat pyrite and sphalerite were used as primary and secondary δ34S standards, respectively (Crowe and Vaughan 1996). The δ34S values of the unknowns were corrected for instrumental mass bias (MB, Eq. 1) using the drift-corrected average δ34S value of repeated measurements (n= 27-30) of the Balmat pyrite reference material (δ34Smeasured(RM)). For δ34Sexpected(RM) the value 15.1 ± 0.2‰ from Crowe and Vaughan (1996) was used.
[image: image]
[image: image]
Reproducibility was estimated for each session from the RSD of the drift-corrected measurements of δ34SVCDT in the Balmat pyrite divided by √n, which was <0.7‰. Measurements of the Balmat sphalerite resulted in δ34Scorr(sample) values of 14.7 ± 1.6‰ (1 RSDmean, n = 10, session 1) and 13.6 ± 1.7‰ (1 RSDmean, n = 9, session 2) indicating a good accuracy and day-to-day reproducibility of the method. A full description of the analytical set is provided in the Supplementary Table S1.
4 RESULTS
4.1 Alteration types
Samples from the different porphyry and epithermal stages (n = 40) were classified according to their alteration mineralogy by a combination of optical microscopy, µXRF, and XRD (Tables 1–3; Supplementary Table SA3). On this basis, the following mineralization-styles were defined for the three investigated prospects on Limnos Island (Figure 1B): 1) porphyry, transitional, high sulfidation (HS) epithermal, and intermediate sulfidation (IS) epithermal at Fakos, 2) porphyry and IS epithermal at Kaspakas, and 3) porphyry, IS epithermal, and low sulfidation (LS) epithermal at Sardes (Figures 2A–C). We note that the Sardes LS association likely represents fluctuations in the fluid condition of the IS epithermal stage or may be related to an overprint through a hydrothermal event at a later time.
[image: Figure 2]FIGURE 2 | Paragenetic sequence of the three porphyry-epithermal system: (A) Fakos, (B) Kaspakas, and (C) Sardes. Note that the relation between Sardes porphyry and epithermal is unclear and therefore separated by a dashed line. Mineral abbreviations after Whitney and Evans (2010): py, pyrite; apy, arsenopyrite; mrc, marcasite; ccp, chalcopyrite; sp, sphalerite; gn, galena; mag, magnetite; hem, hematite; tnt-ttr, tetrahedrite-tennantite; bou, bournonite; po, pyrrhotite; eng, enargite; mol, molybdenite; qz, quartz; tur, tourmaline; carb, carbonate.
4.1.1 Fakos
The quartz-monzonite hosts the early porphyry mineralization at Fakos (LM-JB-17 to -20), which comprises a potassic alteration assemblage dominated by biotite, magnetite and K-feldspar (Supplementary Table S3) followed by a sericitic alteration with abundant quartz veins (LM-64). In many of our samples it is unclear whether we see veinlets or veins. We will refer to those veinlets/veins as veins in the following, more detailed sample descriptions are provided in Tables 1 through 3. The transitional stage is characterized by sandstones that host tourmaline and hydrothermal quartz ± calcite in close spatial relation to fault zones crosscutting the Fakos quartz-monzonite (LM-JB-14; Figure 2A). At the western coast of the Fakos peninsula, dolomite, kaolinite, alunite, calcite, and sulfides in partially open veins occur as part of the transitional stage (LM-JB-03). These veins are commonly related to a large E-W trending fault zone (Figure 1C). Because properties of both, epithermal and porphyry alteration are present, the term transitional is adapted from Fornadel et al. (2012), however, shallow porphyry could be used as alternative terminology. The HS epithermal stage at Fakos (LM-29) consists of pale-brown feldspar associated with zones of massive silicification with milky quartz. The altered host rocks associated with mineralized veins of the IS epithermal stage (e.g., LM-JB-06) are dominated by quartz and white mica, as well as chlorite and/or plagioclase with local microcline and sanidine (Supplementary Table S3). Veins of the IS epithermal stage to the west of the Fakos quartz-monzonite relate to an approximately E-W striking dominantly quartz bearing fault zone that is hosted by siliciclastic sediments, and subvolcanic intrusions of the Katalakon unit (Figure 1C).
4.1.2 Kaspakas
At Kaspakas, the porphyry mineralization is hosted by subvolcanic andesites to dacites. The porphyry mineralization in the Kaspakas hydrothermal system is dominated by sericitic alteration (LEM-1, LEM-3, and LEM-7), as expressed by secondary quartz, sericite, orthoclase/microcline, tourmaline (and minor calcite) (Supplementary Data Sheet S2). The epithermal stage is hosted by subvolcanic rocks of andesitic to dacitic composition. The IS epithermal stage at Kaspakas is characterized by quartz and calcite veins, hosting base metal sulfides and tennantite-tetrahedrite (e.g., LEM-19).
4.1.3 Sardes
At Sardes, similar to Kaspakas, the porphyry mineralization is hosted by subvolcanic andesites to dacites. Porphyry samples from Sardes relate to an early stage of potassic alteration in close proximity to the porphyry center (LEM-35; LEM-40; LEM-65) and to a propylitic alteration assemblage in the distal parts of the system, which comprises epidote and chlorite (LEM-51). The epithermal stage is hosted by sedimentary rocks. The IS epithermal stage at Sardes is characterized by quartz and calcite veins, hosting pyrite and base metal sulfides (e.g., LEM-33). The LS epithermal alteration at Sardes prospect is expressed by hydrothermal quartz veinlets hosted by sedimentary rocks. It is characterized by arsenopyrite as well as marcasite (cf. Section 4.2; LEM-33; Figure 2C) and may be part of the IS epithermal stage of Sardes, which it overprints.
4.2 Ore and gangue mineralogy
The epithermal and porphyry mineralization at Limnos can be subdivided into two types including a 1) host rock and 2) vein-related mineralization, which exhibits a distinct mineralogy between the different prospects and their alteration stages (cf. Section 4.1).
4.2.1 Fakos
Magnetite related to the porphyry stage either occurs in quartz-magnetite veinlets (LM-JB-20), as disseminated patches, or massive accumulations (LM-84, LM-97B, LM-JB-19) in the host rocks of the potassic alteration zone. Minor chalcopyrite and pyrite accompany the quartz-magnetite veinlets. Hematite is a minor constituent along grain boundaries and fractures in the magnetite (Figure 3A). Small inclusions of rutile were rarely observed in pyrite (Figure 3B). Alteration selvages of diopside, epidote, sanidine and minor biotite rarely occur in association with the quartz-magnetite veinlets (LM-JB-20, Supplementary Table S3). Pyrite dominates the sericitic alteration stage at Fakos, where it is accompanied by minor chalcopyrite and accessory molybdenite (Figure 2A). In this assemblage, pyrite occurs in fine quartz veinlets or disseminated within the altered quartz-monzonite (Figure 3C). Epithermal veinlets hosting sphalerite rarely cross-cut the porphyry mineralization of the sericitic alteration (LM-64, Figure 3D).
[image: Figure 3]FIGURE 3 | Field photographs, microphotographs and BSE image of Fakos samples: (A) Porphyry sample with chalcopyrite hosted by magnetite and hematite from the potassic alteration zone (LM-84); (B) Porphyry pyrite with rutile, LM-64; (C) Cross-cutting relationships of quartz veinlets in the porphyry stage, LM-64; (D) Porphyry pyrite and molybdenite from the sericitic alteration with later-stage epithermal sphalerite, we note that the crystal facets of the pyrites may partly only be visible under high magnification; (E) Cross-cutting relationships of sandstone-hosted transitional stage quartz-tourmaline veinlets (related samples: LM-JB-13, -14); (F) Scan of thin section with disseminated transitional pyrite in sandstone associated with tourmaline and different generations of quartz veinlets. Note that pyrite is absent in the alteration halos of 1st generation quartz vein. (G) Partially open veins with crustiform banding of carbonates and Fe-oxides in sandstones from the transitional stage, LM-JB-03; (H) Slightly porous pyrite (LM-JB-14) with pyrrhotite inclusions from the transitional stage; (I) Enargite in pyrite in cross polarized light from the epithermal HS stage, LM-29; (J) Pyrite with dense and porous domains with smaller dense pyrite crystals, LEM-29; (K) Dense slightly brecciated pyrite associated with sphalerite, LM-29; (L) Galena, chalcopyrite and tetrahedrite-tennantite associated with sphalerite hosting chalcopyrite inclusions from the epithermal IS stage, LM-27; (M) Pyrite surrounded by chalcopyrite followed by later-stage galena and sphalerite surrounding chalcopyrite in the epithermal IS stage, LM-33a; (N) Pyrite associated with galena, bournonite and Ag-rich tetrahedrite in back-scattered electron contrast, LM- 27B; (O) Pyrite with dense and porous domains from the epithermal HS stage, LEM-29. Further details about the investigated samples are presented in Table 1. Mineral abbreviations after Whitney and Evans (2010): Py, pyrite; Cpy, chalcopyrite; Sp, sphalerite; Gn, galena; Mag, magnetite; Hem, hematite; Tnt-Ttr, tetrahedrite-tennantite; Bou, bournonite; Po, pyrrhotite; Eng, enargite; Mol, molybdenite; Rt, Rutile; Qz, quartz.
Pyrite is the most abundant sulfide in the transitional stage (Figure 2A). In the vicinity of the Fakos quartz-monzonite, pyrite occurs disseminated in the altered sandstone together with tourmaline (LM-JB-14), where it commonly hosts pyrrhotite inclusions. Several generations of quartz/tourmaline veinlets have been recorded (Figures 3E,F), which either host pyrite and lack an alteration halo (Figure 3F) or are devoid of pyrite and exhibit an alteration selvage consisting of quartz and sericite (i.e., white mica). At the west coast of the Fakos peninsula, the transitional stage (JB-LM-03) consists of crustiform banded carbonate veins, cross-cutting the sandstone beds (Figure 3G). The carbonate veins are associated with fine-grained iron-oxides, clay, and pyrite, which sometimes also host pyrrhotite inclusions (Figure 3H).
The Fakos HS epithermal stage also hosts abundant pyrite, with minor sphalerite and galena (Figure 2A). Pyrite is extensively brecciated and commonly occurs in silicified veinlets. Some pyrites show porous and dense domains (Figure 3O) and host inclusions of chalcopyrite, galena, and sulfosalts like tennantite and enargite (Figures 3I,J). In addition, anhedral sphalerite occurs interstitial between the pyrite grains and in voids (Figure 3K). The IS epithermal mineralization is associated with quartz-carbonate veinlets consisting of pyrite, sphalerite, galena, and chalcopyrite (Figures 2A, 3L–N). Chalcopyrite inclusions are also common in the sphalerite (Figure 3L), which occurs in veinlets and disseminated in the altered host rock. Sphalerite hosting chalcopyrite inclusions typically shows serrate grain boundaries in contact to the carbonate gangue (Figure 3L), whereas the inclusion-free sphalerite rather exhibits straight grain boundaries (Figure 3D). Chalcopyrite and galena occur as large anhedral grains that often show intergrowth and infill open voids between euhedral quartz and pyrite (Figure 3M). Silver-rich tetrahedrite (based on EPMA observations) occurs as inclusions in galena (c.f. Supplementary Table S2). Bournonite (PbCuSbS3) and tennantite are rare and occur in breccias, where they are intergrown with pyrite and galena (LM-27B, (Figure 3N). Minor amounts of pyrite are disseminated in the altered host rocks in the vicinity of the mineralized veinlets.
4.2.2 Kaspakas
The sericitic alteration in the Kaspakas porphyry is dominated by porous pyrite with minor pyrrhotite (Figure 4A) and rarely hosts inclusions of an unspecified Bi-Te mineral (Figure 4B). Pyrite either occurs in veinlets (LEM-1, -7) or forms patches in the altered host rock (LEM-3BII). In the IS epithermal stage, carbonate veins with minor gangue quartz (LEM-19 III) contain galena, sphalerite, and minor euhedral pyrite (Figure 4C). Minor tennantite-tetrahedrite was identified as inclusions in vein-related pyrite (LEM-19 III). Inclusions of sphalerite, galena, and pyrrhotite were recorded in disseminated pyrite from the IS epithermal stage (Figures 4D,E).
[image: Figure 4]FIGURE 4 | Scans, microphotographs, and back-scattered electron images of mineralized samples from the two hydrothermal systems at Kaspakas and Sardes: (A) Porous pyrite, featuring pyrrhotite from the Kaspakas sericitic altered sample LEM-1; (B) BSE image of pyrite featuring an inclusion of an unidentified Bi-Te mineral from sericitic sample LEM-7 (Kaspakas). Note that high contrast snowflake like objects around the pyrite grain are lead dust as a result of polishing on a lead plate; (C) euhedral to subhedral pyrite in anhedral galena, sphalerite and the surrounding calcite of epithermal IS sample LEM-19, Kaspakas; (D) BSE image of porous pyrite with a small sphalerite vein as well as sphalerite inclusions, LEM-6 epithermal IS Kaspakas LEM-6; (E) Microphotograph of pyrite with a pyrrhotite inclusion, next to sphalerite in an epithermal IS vein of LEM-19; (F) Chalcopyrite grains in magnetite of LEM-40, Sardes potassic alteration; (G) Porphyry potassic altered sample (Sardes) LEM-35 with pyrite and apatite, the anhedral pyrite has pyrrhotite and magnetite inclusions; (H) scan of the polished ore section LEM-40 from the Sardes potassic alteration zone. Two generations of A-type veinlets with alteration haloes; (I) Pyrite and hematite in vein of LEM-35, Sardes potassic alteration; (J) Porous pyrite, featuring pyrrhotite from the propylitic altered sample LEM-51, Sardes; (K) reflected light image of pyrrhotite in pyrite (Sardes epithermal IS LEM-33); (L) Small pyrite with galena inclusion (LEM-33), Sardes; (M) Epithermal IS stage pyrite in close vicinity of low-sulfidation epithermal veinlets with marcasite laths, covered in microscopic arsenopyrite, (LEM-33) Sardes; (N) Pyrite from the intermediate sulfidation pyrite next to an epithermal LS vein with marcasite, (LEM-33) Sardes. Mineral abbreviations after Whitney and Evans (2010): Py–pyrite, Apy–arsenopyrite, Mrc–marcasite, Ccp–chalcopyrite, Sp–sphalerite, Gn–galena, Mag–magnetite, Hem–hematite, Tnt-Ttr–tetrahedrite-tennantite, Po–pyrrhotite, Eng–enargite, Mol–molybdenite, Qz–quartz, Ap–Apatite.
4.2.3 Sardes
Anhedral and partly porous magnetite with chalcopyrite inclusions occurs in the potassic alteration zone at Sardes (Figure 4F). Minor pyrite with pyrrhotite inclusions is present in patches together with the magnetite (Figure 4G). Pyrite-bearing veinlets (LEM-35) and two generations of quartz-magnetite-chalcopyrite veinlets (LEM-40, LEM-65) were observed in this alteration assemblage (Figure 4H). Hematite may also occur in close relation to pyrite in these veinlets (LEM-35, Figure 4I). The first generation of the quartz-magnetite-chalcopyrite veinlets is dominated by quartz and magnetite with only subordinate chalcopyrite, which is cross-cut by the second generation, where quartz and chalcopyrite are more abundant compared to magnetite. Anhedral to subhedral pyrite in the propylitic alteration zone is disseminated in the host rock and has minor inclusions of pyrrhotite and quartz (Figure 4J). Pyrite typically exhibits porous as well as dense domains and serrate grain boundaries (Figure 4K).
The IS epithermal stage found at Sardes hosts galena and pyrite that occur disseminated in the host rocks. Pyrite locally hosts small inclusions of pyrrhotite (Figure 4K), galena and carbonate (Figure 4L). The LS epithermal alteration at Sardes is characterized by marcasite that is surrounded by arsenopyrite, and overprints parts of the IS epithermal alteration (Figures 4M,N).
4.3 In-situ S isotope composition of pyrite
The in situ δ34SVCDT composition of pyrite varies from −15.2 to 5.4‰ (Figure 5) and significant variations were observed between the different mineralization stages of Limnos (Figure 5A; Supplementary Table S7). At Fakos, the δ34S composition of pyrite ranges from −4‰ to 0.4‰ in the porphyry sericitic alteration and from −8.7‰ to 2.1‰ in the IS epithermal stage. This is in agreement with previous analyses by Fornadel et al. (2012) showing δ34S variations of −6.8 to −0.8‰ (n = 5) and −5.3 to −2.2‰ (n = 4) in porphyry and epithermal pyrite from Fakos, respectively. Porphyry pyrite from Fakos shows a relatively constant δ34S value of about -4‰, with the exception of one outlier at 0.4‰. Variations of up to 1‰ were detected within individual pyrite grains at Fakos (Figure 5B), which is however insignificant regarding the measurement uncertainty of ∼1.7‰ in the data acquisition (cf. Section 3.3; Supplementary Table S7). Pyrite from the porphyry sericitic alteration at Kaspakas is light in δ34S, as reflected by δ34S values as low as −15.2‰. Variations of up to 3.7‰ δ34S, were observed within individual pyrite grains from the sericitic alteration at Kaspakas, which is outside the measurement uncertainty (Figures 5A,C). We note that this isotopic variation may actually be larger than recorded by our measurement, as the 50 µm beam diameter and 90 s ablation time homogenize a large volume of pyrite. The δ34S values of pyrite from the IS epithermal stage at Kaspakas are generally higher than those of the porphyry stage, but show a large variation from −9.6 to 5.4‰ (Figure 5A). At Sardes, the δ34S composition of pyrite from potassic (−4.2 to −0.6‰) and propylitic (−3.5 to 2.4‰) alteration in the porphyry stage are higher than in IS epithermal pyrite (−5.6‰). Variations within individual pyrite grains are insignificant with respect to the analytical uncertainty (Figure 5D).
[image: Figure 5]FIGURE 5 | (A) In situ δ34SV-CDT of pyrite from the different hydrothermal systems and related alteration/mineralization stages. Measurements in (A) labeled with B, C or D correspond to (B–D) showing the δ34S variations in individual pyrite grains from the three prospects. The data is available in the electronic annex (Supplementary Table S7). The grey boxes in (A) represent literature data for the isotopic range S sources (1modern sediments (Seal, 2006); 2meteoric water (Geyh et al., 2000); 3porphyry fluids (Hutchison et al., 2020); 4arc volcanic rocks (Falkenberg et al., 2022, and references therein) Modern seawater at ∼21‰ is not show in this figure (Rees et al., 1978; Tostevin et al., 2014).
4.4 Trace element chemistry of sulfides
Most pyrite from the investigated prospects has a near pure composition. Arsenic concentrations in pyrite are generally low (<0.5 wt.%, n = 257). The exception is some epithermal pyrite from the IS stage at Fakos (n = 5) and Kaspakas (n = 5), where As is >0.5 wt.% and reaches up to 2.7 wt%. The highest median As contents at Fakos are displayed by pyrite from the transitional stage, whereas those of the porphyry and epithermal stage are characterized by lower median values (Figure 6A). The median As content in IS epithermal pyrite from Kaspakas and Sardes is more than an order of magnitude higher than in pyrite from the porphyry stage (Figure 6A; Table 4). We note that the potassic and propylitic alteration at Sardes were combined, due to the small number of pyrite analysis from the propylitic stage and their comparable chemical composition. Arsenic, Sb, Te, and Au show the same relative distribution in pyrite from the porphyry to epithermal stages at Kaspakas and Sardes (Figures 6B–D). The pyrite from all investigated IS epithermal stages is typically enriched in these elements with respect to their median values. Tellurium and Au however behave differently at Fakos, where the highest median values were observed in the porphyry sericitic pyrite rather than the IS epithermal stage. Irrespective of the mineralization stage, pyrite from Fakos shows the highest median values in Sb, Te, and Au, which contrasts the distribution of As (Figures 6A–D). Selenium is enriched in porphyry compared to epithermal pyrite at Fakos and Kaspakas, whereas the median values at Sardes are comparable. In addition, higher Se contents were observed in HS epithermal compared to IS epithermal pyrite from Fakos (Figure 6E). Cobalt and Ni show higher concentrations in pyrite from the porphyry and transitional stage, than in the epithermal stage at Fakos (Figure 6F; Table 4). Pyrite from the HS epithermal stage of Fakos is depleted in Ni, Co, As, Sb, Te and Au compared to the IS epithermal pyrite of Fakos. Overall, the highest median values of As, Sb, and Au were observed in marcasite from the LS epithermal stage (Table 5). Galena from the IS epithermal stage generally exhibits the highest median Se, Te, Ag, Tl, and Bi contents relative to the other sulfides (Table 5).
[image: Figure 6]FIGURE 6 | Box and whisker plots of trace elements in pyrite. (A) As; (B) Sb; (C) Te; (D) Au; (E) Se; (F) Co, each in μg/g. Note that the presented data includes the detection limits of the individual analyses. The box represents 50% of the data and the whiskers the 2nd and 98th percentile. The horizontal line in the box is the mean value and the cross the median value, which includes the outliers. The large black outlined box in the background summarizes the data of the different prospects irrespective of the related alteration/mineralization stages.
TABLE 4 | Summary of pyrite results from LA-ICP-MS analysis.
[image: Table 4]TABLE 5 | Summary of results from LA-ICP-MS analysis of minor ore mineral.
[image: Table 5]Correlations between different trace elements are generally poorly developed in pyrite. However, pyrite from the different alteration stages and prospects can be classified by variable trace element ratios (Figure 7). For example, epithermal pyrite from Fakos shows more variable Co/Ni and As/Co values than pyrite from the related porphyry stage. Pyrite from the transitional stage at Fakos exhibits particularly high As/Co values (>10), that partly overlap with the values of the IS epithermal stage from Fakos and Kaspakas. In contrast to porphyry sericitic pyrite from Fakos, those from Sardes and Kaspakas show a much wider Co/Ni range, which is comparable to the epithermal pyrite from the same prospect (Figures 7A,B). The Sb and Pb contents in pyrite show a tendency towards higher concentrations in IS epithermal pyrite, which partly overlap with the pyrite data from the Vatukoula LS epithermal deposit (Figure 7C; Börner et al., 2021). A similar relation is expressed between Tl and Pb in pyrite from the three prospects on Limnos Island (Figure 7D). The Sb/Pb and Tl/Pb values of pyrite between the different alteration stages from the same location are comparable (Figures 7C,D), and a high Sb/Pb and Tl/Pb end member is defined by pyrite from Vatukoula.
[image: Figure 7]FIGURE 7 | Trace element correlation diagrams of pyrite from the different hydrothermal systems and related alteration/mineralization stages: (A) Co-Ni, (B) As-Co, (C) Sb-Pb, (D) Tl-Pb. The data from Agua Rica, Argentina, is from Franchini et al. (2015) and the data from Vatukoula, Fiji, is from Börner et al. (2021). The black dashed line represents the ratio of the respective elements in the diagram. Dotted lines represent the highest limit of detection.
5 DISCUSSION
5.1 Paragenetic sequence of alteration and mineralization
5.1.1 Fakos
Cross-cutting relationships and alteration assemblages suggest multiple hydrothermal pulses during the porphyry stage at Fakos (Figures 3, 4; Fornadel et al., 2012). Early magnetite ± hematite ± chalcopyrite ± pyrite veinlets, with potassic alteration halos are the first stage of the porphyry mineralization at Fakos. In this assemblage, chalcopyrite, and pyrite typically infill cavities in the magnetite (Figure 3A), and therefore precipitated contemporaneously or following the magnetite (Figure 2A). The sericitic pyrite is adjoined by minor molybdenite, presumably also from the sericitic stage (Figure 3D). Fluid inclusions measured by Fornadel et al. (2012) suggest entrapment depths <1200m, with outliers as deep as 2.5 km. Pyrite from the sericitic alteration stage hosts inclusions of rutile, these may be remnant from the earlier potassic stage (Figure 3B; Rabbia et al., 2009) or have formed due to the breakdown of primary TiO2-bearing mineral phases (Schirra and Laurent, 2021). Both scenarios are consistent with a sericitic overprint of the potassic alteration zone. An overprint is also documented in the literature (Fornadel et al., 2012; Voudouris et al., 2019a). The irregular boundaries of the veins in the potassic alteration (Figure 3C) are a typical textural feature of high-temperature ductile deformation at lithostatic pressure conditions (Lindsay et al., 1995), which classifies them as A-type veins (Sillitoe, 2010). Mineralization temperatures of the A-type veins associated with a potassic alteration assemblage are suggested to be related to temperatures >500°C (Monecke et al., 2018). This also agrees with fluid inclusion data of quartz from genetically related samples at Fakos, indicating temperatures of up to 780°C at salinities of up to 85.8 wt.% NaCl equivalent (Fornadel et al., 2012). However, the dominant pyrite mineralization in the residual A-type veins (Figure 3C) indicates that they have been overprinted by the sericitic alteration stage.
The sandstone-hosted tourmaline-quartz to calcite dominated veins (Figure 3E) of the transitional stage (or shallow porphyry; c.f. 4.1) at Fakos comprise characteristics of both, porphyry and epithermal alteration, as reflected by the occurrence of molybdenite- and sphalerite-bearing veins (Fornadel et al., 2012), and as also supported by the pyrite chemistry (cf. Section 5.3). The pyrite (±pyrrhotite) mineralization that is associated with the tourmaline veins (Figures 2A, 3E,H) cross-cuts an earlier barren quartz vein (Figure 3F). The evolution from tourmaline- to carbonate-dominated veins (Figures 3E,G) in the transitional zone towards the western coast of the Fakos peninsula (Tables 1–3; Figure 1C) may be related to the increasing distance to the magmatic center and the feeder zone of the porphyry fluids. Well-documented E-W trending fault zones in the center of the Fakos peninsula controlled the fluid flow and the formation of the transitional stage in the vicinity of the quartz monzonite (Figure 1C). As such, these fractures may have acted as pathways for the magma-derived fluids from deeper crystallizing levels into the overlying sediments. Here, they most likely interacted with increasing proportions of meteoric waters or seawater towards the western coast, as reflected by the increasing abundance of carbonate and the occurrence of galena, which is indicative for epithermal conditions at lower fluid temperatures (<300°C; Reed and Palandri, 2006). This agrees with the kaolinite-nacrite alteration together with alunite along the western coast of the Fakos peninsula (Figure 1C; Tables 1, 2; and Supplementary Table S3), which indicates low temperature alteration (150–200°C) by acidic fluids. This either suggests that the fluids were partly derived from a magmatic source (Hedenquist et al., 2017; Fornadel et al., 2012; Fulignati, 2020) or that vapor-rich fluids were formed by boiling and condensed into seawater and/or meteoric water fluids in a steam-heated environment leading to the acid alteration (Naden et al., 2005; Keith et al., 2020; Schaarschmidt et al., 2021b; Nestmeyer et al., 2021).
A late epithermal stage is documented by the occurrence of E-type veins that host minor sphalerite (Figure 3D) together with enargite (Figure 3I). This reflects HS epithermal conditions and therefore is attributed to the HS epithermal stage, described by Fornadel et al. (2012) (Figure 2A; Einaudi et al., 2003). We propose that the porous and dense domains in pyrite from the HS epithermal stage (Figures 3J,O) may have formed during boiling and non-boiling conditions, respectively (Román et al., 2019). Vapor-rich fluid inclusions in quartz from the epithermal environment at Fakos have been proposed to possibly be related to boiling in this stage by Fornadel et al. (2012) further corroborate this. Boiling and accompanying vapor release can also explains the brecciation of the pyrite due to small scale boiling-related hydraulic fracturing (Figure 3K; Román et al., 2019). Because sphalerite lacks signs of brecciation and occurs along cracks in the brecciated pyrite (Figure 3K) we infer that sphalerite precipitated after the boiling, which also indicates changes in the temperature-pressure regime (Monecke et al., 2018; Hurtig et al., 2021). Later stage IS epithermal conditions are recorded by tennantite-tetrahedrite inclusions in sphalerite, pyrite, and quartz in the E-type veins (Figures 2A, 3L) that overprint the sericitic and chloritic alteration (Supplementary Table S2). Pyrite forms early in this assemblage, as galena, tetrahedrite, and bournonite occur between fragments of brecciated pyrite (Figure 3N). As such, the mineralization at Fakos shows features of a telescoped porphyry-epithermal system. This is indicated by an early potassic alteration stage, overprinted by sericitic alteration, which was followed by a late-stage epithermal mineralization and overprint (Figure 2A). The common occurrence of pyrite together with rare pyrrhotite (Figure 2A), as observed in the transitional stage (Figure 3H), indicates that the fluid conditions were likely in the range of the pyrite-pyrrhotite stability line (Einaudi et al., 2003).
5.1.2 Kaspakas
Similar to Fakos transitional and IS epithermal stages, the mineralization of the sericitic alteration and the IS epithermal stage at Kaspakas likely also evolved along the pyrite-pyrrhotite stability line, as indicated by pyrrhotite inclusions in pyrite (Figures 4A,E). The porous nature of the pyrite in the sericitic alteration (Figure 4A) may further indicate that boiling accompanied the fluid evolution (Román et al., 2019). The IS epithermal stage is indicated by the formation of sphalerite, galena and the occurrence of tennantite-tetrahedrite (Supplementary Table S2; Einaudi et al., 2003; Voudouris et al., 2019b). Hence, the fluid evolution from the porphyry, to IS epithermal stage at Kaspakas likely included combination of fluid cooling and boiling and mixing (cf. Sections 5.2, 5.3).
5.1.3 Sardes
Two vein types in the potassic alteration at Sardes can be subdivided, including earlier A-type veinlets (1st generation) comprising quartz and magnetite with minor chalcopyrite, which are crosscut by later stage A-type veinlets (2nd generation), where chalcopyrite is more abundant than magnetite which only occurs in minor amounts (Figure 4H). The development from an earlier magnetite- towards a later sulfide-dominated mineralization is likely related to cooling and/or decreasing fO2 and increasing fS2 conditions with proceeding fluid evolution (Einaudi et al., 2003). Locally, textural evidence suggests the formation of pyrite after hematite at Sardes (Figure 4I), which is in contrast to the pyrite-hematite relation at Fakos. The pyrrhotite inclusions occur only in dense domains of pyrite, which we attribute to non-boiling conditions (Román et al., 2019) in the propylitic alteration. This suggest a co-precipitation of these two minerals along the pyrrhotite-pyrite stability line (Figure 4K; Einaudi et al., 2003).
The IS epithermal stage commonly hosts disseminated pyrite with pyrrhotite or galena inclusions (Figures 2C, 4K,L). Hence, the hydrothermal fluid of the IS epithermal stage was also in the range of the pyrite-pyrrhotite stability line in both, the porphyry and the epithermal environment, as also proposed for Fakos and Kaspakas. The LS epithermal mineral assemblage of Sardes is indicated by arsenopyrite that postdates marcasite (Figures 4M,N). Marcasite stability indicates further fluid cooling to temperatures <240°C (Murowchick and Barnes, 1986), where pyrite is absent (Figure 2C). We note that the LS mineral assemblage of Sardes overprints an IS assemblage. The LS epithermal event may therefore represent fluctuating conditions in the IS epithermal dominated stage at Sardes. Low sulfidation epithermal systems are usually found in the more distal parts of hydrothermal systems (Einaudi et al., 2003; Camprubí and Albinson, 2007), therefore we cannot rule out the influence of a later or neighboring system completely.
We conclude that for each of the prospects, an early-stage porphyry mineralization at the ductile-brittle (potassic: Fakos, Sardes) and lithostatic-hydrostatic (sericitic: Fakos, Kaspakas) transition is preserved. The IS epithermal stage at Kaspakas and Sardes evolved along the pyrite-pyrrhotite stability line (Figures 2B,C; Table 6). At Fakos and Kaspakas a combination of boiling, cooling and mixing between magmatic and meteoric fluids likely formed telescoped porphyry-epithermal environment (cf. Sections 5.2, 5.3; Table 6). For Sardes, the relation between porphyry and IS-LS epithermal are less clear, suggesting a temporal difference or that the epithermal overprint belongs to an adjacent system.
TABLE 6 | Overview of key characteristics and processes at the investigated hydrothermal stages of Fakos, Kaspakas and Sardes.
[image: Table 6]5.2 Insights into sulfur sources and phase separation through δ34S
Sulfur isotopes are commonly used in hydrothermal systems to constrain the contribution of S from different sources in the crust (e.g., igneous vs sedimentary rocks) and from magmatic or meteoric fluids (including seawater). In addition, mixing between fluids of different origin changes the isotopic composition and processes like phase separation lead to S isotope fraction, which is typically preserved by the sulfides that form from these fluids (McKibben and Eldridge, 1990; Rye, 2005; Seal, 2006; McDermott et al., 2015; Hutchison et al., 2020). Disproportionation of SO2 is a common process during ascent and cooling of magma-derived fluids, where 32S and 34S fractionate between H2S and [image: image], respectively (Ohmoto and Rye, 1979; Eldridge et al., 2021), as shown by Eq. 3:
[image: image]
According to Kouzmanov and Pokrovski (2012), 99% of the initial SO2 will have disproportionated after cooling to 400 °C, which is consistent with the fluid temperatures at the transition from the potassic to sericitic alteration (350–400°C; Sillitoe, 2010). However, this can only be achieved by concomitant pH buffering in the ascending fluids (Kouzmanov and Pokrovski, 2012). For example, an earlier formed potassic alteration assemblage, as known from telescoped porphyry systems, such as those on Limnos Island (cf. Section 5.1; Voudouris, 2006; Fornadel et al., 2012). Magmatic fluids typically have a primary δ34SSO2 composition in the range of 0‰–5‰ (Figure 8; Hutchison et al., 2020). Porphyry sulfides that form from the H2S portion of these fluids following the SO2 disproportionation cluster around −1‰ in δ34S and vary from −10 to 9‰, whereas epithermal sulfides cluster around −2‰ and show a range from −23 to 8‰ (Hutchison et al., 2020).
[image: Figure 8]FIGURE 8 | Model for the δ34S evolution of sulfides and sulfates, derived from a hydrothermal fluid primarily consisting of magmatic SO2. The isotopic fractionation is related to temperature and the disproportionation of the hydrothermal fluid. Model adapted after Hutchison et al. (2020).
The δ34S composition of pyrite from the Fakos porphyry sericitic stage shows little variation (Figure 5A) and mostly cluster around a value of -4‰. Therefore they are isotopically lighter with respect to the average value of porphyry sulfides (-1‰) associated with calc-alkaline magmas and the δ34SSO2 range (0‰–5‰) of the parental magmatic fluids (Hutchison et al., 2020). This either indicates isotope disequilibrium conditions between the fluid and the pyrite during precipitation or that the δ34SH2S of the magma-derived fluid following SO2 disproportionation was modified by other processes such boiling (McKibben and Eldridge, 1990). Additionally, it is possible, that the δ34SSO2 composition of the parental magmatic fluid was not in the range of 0‰–5‰, as proposed by Hutchinson et al. (2020). A contribution from (meta-) sediment melts to the magmatic S budget could lead such a difference in isotopic composition of the magmatic fluid. The very narrow range in δ34S in the porphyry pyrite from Fakos, except one outlier at 0.4‰, and the relatively small δ34S range of ∼1‰ within single pyrite crystals (Figure 5B), which is within the analytical uncertainty (cf. Section 3.3), correlates with rather small variations in trace element ratios like Co/Ni (Figure 7; cf. Section 5.3). This suggests negligible changes in fluid conditions leading to S isotope fractionation. Therefore, the more likely scenario to produce the measured isotopic values, is a slow and steady pyrite precipitation rate in S isotope equilibrium with the magma-derived fluid and without significant changes in fluid composition. This would exclude the processes of phase separation or fluid mixing, which we would expect to have been preserved by a more variable δ34S range (Schaarschmidt et al., 2021b). Modelled δ34S values of sulfides that precipitated from a parental magmatic fluid released from a calc-alkaline magma (δ34SSO2 of 0–5‰; Hutchison et al., 2020), following SO2 disproportionation and assuming a [image: image] ratio of 3 according to Eq. 3, should vary between −6 and −11‰ at temperatures of 400°C (Figure 8), which is typical for sericitic alteration zones (Sillitoe, 2010). While assumed temperatures of 500 °C would result in an initial δ34SSO2 of 5‰ after Hutchison et al. (2020), these temperatures would rather refer to a potassic than a sericitic alteration. Hence, the δ34S composition of pyrite from the sericitic alteration at Fakos cannot be explained by SO2 disproportionation of a magmatic fluid with a δ34SSO2 value between 0 and 5‰, alone (Figure 5). Instead, we propose a reverse modelling approach, based on the δ34S composition of the porphyry pyrite from Fakos (about −4‰) and a precipitation temperature of 400 °C, that the initial magmatic fluids were isotopically heavier at ∼7‰ δ34SSO2 with an uncertainty of ±1‰, considering the fluid-sulfide S isotope fraction at equilibrium conditions (Figure 8; McDermott et al., 2015). Why the initial δ34SSO2 composition of the magma-derived fluids from Limnos Island are isotopically heavier than those from other porphyry systems remains elusive. A contribution of S from (meta-) sediments, which are present in this area, could have influenced the δ34SSO2 of the related magmatic fluids. This, however, requires further investigation, which is out of scope of this study. We conclude that the δ34S composition of pyrite from the sericitic alteration zone at Fakos reflects the H2S portion of the parental magmatic fluid following SO2 disproportionation and cooling from >700 to ∼400°C (Figures 8, 9). The process that produced the δ34S composition of the outlier at 0.4‰ remains unclear (Figure 5). The outlier at 0.4‰ may be related to following hydrothermal events that overprinted the sericitic alteration, or a remnant of the previous potassic alteration (cf. Section 5.1). Evidence for affiliation with the later-stage epithermal pyrites is provided by similar δ34S values (Figure 5A).
[image: Figure 9]FIGURE 9 | Schematic model for the porphyry-epithermal evolution of the three distinct hydrothermal systems: Fakos (A,B), Kaspakas (C) and Sardes (D). Modified after Sillitoe (2010). Details about the different processes as presented in the text (cf. Sections 5.2, 5.3).
The influx of seawater (δ34SSO4 ∼ 21‰; Rees et al., 1978; Tostevin et al., 2014) or meteoric water (δ34SSO4 ∼ −5–10‰; Geyh et al., 2000) is a common process under hydrostatic conditions, which can result in significant δ34S variations in magmatic-hydrothermal fluids and upon sulfate reduction in the δ34S composition of the sulfide precipitates relative to the proposed δ34S composition of the parental magmatic fluid (Figure 8; McDermott et al., 2015; Hutchison et al., 2020). Deeply circulated meteoric fluids and/or seawater that underwent thermal equilibration with the host rocks are capable of transporting S from e.g. (meta-) sediments into the hydrothermal system. The δ34S in modern sediments may vary significantly between −50‰ and 20‰ as reported by Seal (2006). For this reason, in systems which allow an influx of seawater and/or meteoric waters (hydrostatic pressure conditions), these additional factors may significantly influence the isotopic S signature. Fluid boiling is an important process that may lead to strong local S isotope fractionation resulting in a significant 34S decrease in the H2S portion of the fluid due to H2S oxidation to [image: image] (McKibben and Eldridge, 1990), as shown by Eq. 4:
[image: image]
When pockets of fluid get isolated, for example, through tectonic faulting or hydrothermal fracturing, large proportions of the fluid may undergo this coupled boiling-oxidation process. In a closed system without influx of “fresh” H2S that may dilute the δ34SH2S signature to higher values towards the original fluid prior to boiling, this may result in δ34S values of hydrothermal sulfides that are significantly lower than the respective δ34SH2S composition of the fluid prior to boiling (Ohmoto and Lasaga, 1982; McKibben and Eldridge, 1990). Such a process may be reflected by the extremely low δ34S values (below -10‰) of porphyry pyrite from the sericitic alteration at Kaspakas (Figure 5). This is supported by significant δ34S variations that were observed within single pyrite grains (>3‰, Figure 5B), which indicates abrupt changes in fluid conditions possibly by fluid boiling causing S isotope fractionation (Ohmoto and Lasaga, 1982; McKibben and Eldridge, 1990; Schaarschmidt et al., 2021b). Hence, hydrothermal fracturing related to boiling and tectonic faulting may have isolated fluid pockets in the sericitic alteration at Kaspakas (Figure 9). This is in contrast to the processes proposed for the sericitic alteration at Fakos, where evidence for such boiling-related S isotope fractionation is lacking. We note that we deem the influence of sedimentary or metasedimentary sources of the δ34S on the isotopic signature of Kaspakas Sericitic stage pyrite unfit to explain the large intragrain variability of δ34S. In addition, while limited influence from partial melting of sediments and (meta-) sediments may be present in the δ34S signature of the primary magmatic fluid, extreme low values (<−10‰) would require vast amounts of (meta-) sedimentary contribution. Because no further geochemical evidence for this contribution has been recorded, we dismiss this as the primary source of the extreme δ34S variations in Kaspakas sericitic stage.
At the Fakos epithermal system, fluid inclusion temperatures (193°–262°C) and salinities (1.4–4.7 wt.% NaCl equiv.) are consistent with fluid boiling (Fornadel et al., 2012). The δ34S signatures in pyrite from the HS and IS epithermal stage overlap with the δ34S signatures in the proposed parental magmatic fluid, but also show a much wider variation than the latter (Figure 5). We propose, in combination with the fluid inclusion data by Fornadel et al. (2012), the pyrite textures (c.f. 5.1.1), and the trace element data (c.f. 5.3), that these δ34S variations are caused by boiling of a fluid that was at least partly derived from a magmatic source (Figure 9). The lack of such extremely negative values as observed in porphyry pyrite from Kaspakas may be due to open system boiling, as part of a more continuous fluid flux towards the surface. However, with increasing influence form seawater and/or meteoric water, (meta-) sedimentary derived S cannot be dismissed as an additional possible influence on the sulfur isotopy in pyrite (Table 6; Figure 9). The higher δ34S values of some pyrites relative to those of the porphyry stage serve as a record of this (Figure 5). This is in agreement with the conclusion of Fornadel et al. (2012) that δ34S values of 10.5‰ in barite from the IS epithermal stage suggest mixing of magmatic fluids and seawater. The variability in the δ34S data of pyrite from the HS epithermal stage is less pronounced and more similar to the porphyry pyrites. This may be caused by the proximity of the HS mineralization to the magmatic feeder zone, allowing less influence of seawater and/or meteoric water (Figure 9; Hedenquist and Lowenstern, 1994). The lower δ34S values in IS epithermal pyrite from Kaspakas relative to the proposed parental magmatic fluid signature (Figure 5) are likely multicausal: 1) Fluid boiling in an open system with concomitant oxidation, 2) Mixing with S which was transported through other fluids (e.g., deeply circulated meteoric and/or seawater fluids that underwent thermal equilibration with host rock).
Since no extreme negative values as displayed by the related porphyry pyrites at Kaspakas were observed, we dismiss a strong boiling of separated fluid pockets for the Fakos pyrites. In addition, the higher δ34S values (>4‰) suggest a contribution of S transported by deeply circulated seawater and/or meteoric water, mixing with the magma-derived fluids or possibly the condensation of boiling-derived vapors into the latter (cf. Section 5.3, Table 6; Figure 9).
The negative δ34S values in porphyry pyrite from Sardes that overlap with the pyrite from sericitic alteration at Fakos (∼4‰) are consistent with a magmatic fluid source. By contrast, the heavier δ34S values (>4‰) at Sardes are likely related to an increased contribution of S that was transported through seawater and/or meteoric water, which is more common in propylitic altered rocks (cf. Section 5.3, Figure 9). For the IS epithermal pyrite from Sardes low δ34S values may be explained by a mixture of the processes mentioned in this section. However, the LS event within the IS epithermal stage does point towards lower temperatures and in conjunction with the low δ34S values towards a stronger influence of seawater and/or meteoric water as well as possibility for boiling.
We conclude that the δ34S signature of pyrite provides insights into S sourcing, mixing of fluids, and isotope fractionation during SO2 disproportionation and fluid boiling, which affected the mineralization of the investigated prospects to variable degrees mostly controlled by the geological and tectonic conditions (Table 6; Figure 9).
5.3 Trace element signatures in pyrite for phase separation and fluid-rock interaction
High temperature pyrite (>350°C) from porphyry systems is commonly depleted in most trace elements, except for Ni, Co, and Se, relative to epithermal pyrite that forms at lower temperatures (<350°C) (Franchini et al., 2015; Sykora et al., 2018; Zhang et al., 2018; Rivas-Romero et al., 2021). Both Co and Ni are mainly transported as Cl- complexes in hydrothermal fluids, and are therefore sensitive to changes in fluid salinity and pH (Liu et al., 2011; Brugger et al., 2016). However, Co seems to be slightly more sensitive to fluid salinity and temperature than Ni, indicating that Ni may stay in solution at lower temperatures and salinities relative to Co (Liu et al., 2011, 2012). The Co/Ni values of pyrite from Limnos Island, exhibit a higher variability than other porphyry and epithermal systems like Agua Rica, Argentina (Franchini et al., 2015), and Vatukoula, Fiji (Figure 7A; Börner et al., 2021). This indicates that the porphyry-epithermal fluids and their precipitates were affected by drastic changes in fluid temperature and salinity, which may be related to phase separating processes (Román et al., 2019; Klose et al., 2021). However, the small Co/Ni variations (0.1-1) in porphyry sericitic pyrite from Fakos (Figure 7B) rather point towards more stable fluid conditions than in the other porphyry prospects. This indicates that pyrite precipitation was not controlled by boiling at Fakos sericitic stage. The stable conditions are in agreement with the small variety in the δ34S values of these pyrites (Figure 5), consistent with precipitation under non-boiling conditions (Figure 9). By contrast, the Co/Ni values of pyrite from all other mineralization stages of the different prospects on Limnos is highly variable (Figure 7A). This indicates strong temperature and/or salinity variations possibly related to phase separation (Figure 9), which is also supported the δ34S data of these systems (cf. Section 5.2, Figure 5).
The ratio of volatile (e.g., As, Sb) to non-volatile (e.g., Co, Pb) elements may vary between low Cl vapor- and high Cl liquid-rich fluids that formed by boiling and may be preserved by the ratios of these elements (e.g., As/Co) in the precipitated pyrite (Román et al., 2019; Falkenberg et al., 2021; Klose et al., 2021). Hence, pyrite with As/Co ratios exceeding those of the Fakos porphyry sericitic pyrite (>0.1-1), precipitated from a vapor-rich fluid (Figure 7). This is supported by the existence of quartz-hosted vapor-rich (≤5% liquid) fluid inclusions with salinities of 1–10 wt.% NaCl equivalent and homogenization temperatures <300°C that are common in the E-type veins of the Fakos system (Fornadel et al., 2012). Hence, fluid boiling seems to be a likely process in the investigated epithermal stages as well as Kaspakas porphyry sericitic stage (Figure 9). For the Sardes porphyry potassic-propylitic stage, no clear evidence for boiling or vapor- hypersaline liquid separation was recorded, however, the observed trace-element signatures rather overlap with those of Kaspakas porphyry sericitic (boiling) than those of Fakos porphyry sericitic (non-boiling). Nonetheless, an increased influence of seawater and/or meteoric water must be assumed in the propylitic stage of Sardes. No effect of phase separation is documented by the Sb/Pb and Tl/Pb values of pyrite, as indicated by similar ratios between pyrite from the sericitic stage at Fakos, where evidence for boiling separation is lacking, and the other investigated systems. This may be due to a superimposed temperature control on the solubility of Sb, Tl, and Pb, which tend to be enriched in pyrite that forms at lower temperatures (<300°C; Maslennikov et al., 2009; Falkenberg et al., 2021). This agrees with tendency of the epithermal pyrite of this study to higher Sb, Tl, and Pb values than the porphyry pyrites (Figure 7C,D). The Sb, Tl, and Pb values for the epithermal pyrites of this study partly overlap with the data from the Vatukoula LS epithermal deposit, where fluid temperatures were in the range of 160–300°C with documented boiling (Ahmad et al., 1987).
We propose the following model for the Au and Te distribution in porphyry-epithermal pyrite from Limnos Island. At Fakos, the sericitic alteration that overprints the earlier potassic alteration (Figure 9, Table 6 cf. Section 5.1) is mainly controlled by magma-derived fluids that lack evidence for phase separation. As a consequence, the fluids forming the sericitic alteration may have been buffered by the alteration minerals of the potassic alteration (e.g., sanidine or biotite), leading to higher pH values than if they would be buffered in fresh rock (Kouzmanov and Pokrovski, 2012). Importantly, the solubility of Au and Te increases with increasing fluid pH (Kouzmanov and Pokrovski, 2012; Grundler et al., 2013; Smith et al., 2017), whereas decreasing fO2 may cause the Te precipitation (Grundler et al., 2013; Gao et al., 2017; Keith et al., 2020) and the deposition of Au is commonly related to decreasing H2S conditions (Heinrich, 2005; Grundler et al., 2013). During fluid-ascent, fO2 and H2S may vary significantly as a result of host rock oxidation and sulfidation. We therefore propose that the interaction of the fluids with the host rocks led to a decrease in fO2 and H2S (Figure 9), causing a contemporaneous precipitation of Te and Au in the Fakos porphyry sericitic stage (Gao et al., 2017; Keith et al., 2020). Tellurium is depleted in the later stage and shallower epithermal environment in pyrite of the HS relative to the IS stage (Figure 6C). Hence, parts of the Te likely precipitated at greater depth or the later stage fluids were generally characterized by lower Te contents. The higher Te and Au contents in pyrite from the IS epithermal relative to the HS epithermal stage may indicate that limited proportions of these metals may have also been contributed by metaliferous deelpy circulated seawater and/or meteoric water derived fluids, as also indicated by the δ34S values (c.f. 5.2, Table 6). In the epithermal stage, vapor-rich fluids that formed during phase separation, then precipitated into seawater and/or meteoric water derived fluids, inducing the sulfide precipitation (Figure 9).
In contrast to Fakos, Te (and Au) are enriched in pyrite from the IS epithermal relative to porphyry stage at Kaspakas and Sardes. We propose that phase separation in the deeper porphyry environment led to the release of Te-rich vapors that ascended towards the surface. Some of the Au likely precipitated in the porphyry environment due to H2S loss to the vapor phase during this process (Heinrich, 2005). Hence the Au enrichment in the IS epithermal compared to the porphyry pyrite suggests another Au source, likely related to deelpy circulated metalliferous seawater and/or meteoric water, as suggested for Fakos, into which the Te-rich vapor condensed. Similarly, deelpy circulated seawater and/or meteoric water derived fluids likely also contributed base metals like Zn and Pb to the IS epithermal stage at Kaspakas and Sardes, as reflected by the occurrence of sphalerite and galena (Figures 2A–C, 4). We therefore propose that the porphyry-epithermal mineralization in the investigated hydrothermal systems is the result of a combination of phase separation, vapor condensation/mixing and cooling (Table 6, Figure 9).
5.4 Summary and conclusion
The studied samples from the different prospects on Limnos Island that relate to various alteration stages represent snapshots in time and space during the evolution of the respective (telescoped) porphyry-epithermal system. The mineralization related to the Fakos quartz-monzonite is the most extensive in terms of spatial and temporal evolution compared to the Kaspakas and Sardes prospects, as indicated by cross-cutting relationships and alteration overprints. The mineralization in the early potassic alteration at Fakos was mainly controlled by vapor- hypersaline liquid separation, which was followed by a later sericitic overprint. The sericitic alteration that overprints the earlier potassic alteration is related to a single-phase magma-derived fluid at temperatures <400°C. Evidence for boiling or vapor- hypersaline liquid separation is lacking during the sericitic stage at Fakos, as reflected by relatively constant δ34S (about -4‰) and Co/Ni (0.1-1) values of pyrite. The fluids that caused the sericitic overprint were likely buffered to higher pH due to interaction with the minerals of the potassic alteration which it overprinted. This led to decreasing fO2 and fS2, caused by host rock oxidation and sulfidation, which induced the Te and Au precipitation and resulted in the enrichment of these elements in pyrite from the sericitic relative to the epithermal stage at Fakos. At all other investigated prospects and stages, the highly variable δ34S values (−15.2 to 5.4‰) of pyrite relative to pyrite purely from magma-derived fluid (about −4‰ δ34SH2S) suggest that phase separation and/or fluid mixing strongly influenced the mineralization processes. We propose that during the formation of the sericitic stage at Kaspakas, boiling fluid pockets were isolated from a continuous influx of magma-derived H2S through hydrothermal fracturing. Strongly negative δ34S values (−10–15‰) and up to 3.7‰ intragrain variations are the result. By contrast, the epithermal pyrites of the three prospects do not show such negative δ34S compositions and rather plot between a δ34S of 4‰ and the proposed endmember pyrite at Kaspakas. This may reflect open system boiling, but could also be influenced by sedimentary derived S that was transported into the systems through seawater and/or meteoric water fluids. Highly variable Co/Ni and high As/Co ratios in pyrite underline the importance of phase separation as a mineralization process. As such, the Te (and Au) enrichment in epithermal relative to porphyry pyrite at Kaspakas and Sardes is suggested to be related to the condensation of Te-rich vapors into metalliferous (Au-bearing) seawater and/or meteoric water derived fluids. Higher δ34S values in pyrite from the epithermal stages relative to those from the porphyry stages indicate a contribution of isotopically heavier S transported into the system by seawater and/or meteoric water derived fluids. In addition, positive correlations of Sb and Tl with Pb and increasing content of these elements together with decreasing Se in pyrite from the porphyry to the epithermal stage are indicative for continuous cooling to temperatures <300°C during fluid ascent. We conclude that the combination of δ34S and trace element in-situ micro-analysis in pyrite provide important insights into the spatial and temporal evolution of porphyry-epithermal systems. This includes the contribution of fluids from different sources including magmatic as well as seawater and/or meteoric water derived fluids alongside hydrothermal processes like fluid-rock interaction, phase separation and cooling.
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Symbol Longitude/ Sample  Alteration polished XRD EPMA u-RFA LA- 034§
Latitude 1D host-rock section ICP-MS LA-
and ore ICP-
minerals MS
Kaspakas - porphyry
e N 39.94979'/E LEM-1 Porphyry, sericitic altered subvolcanic, ore X x py (7)
25.04916" minerals: py, po,
® N 39.94871'/E LEM-3BIl  Porphyry, sericitic altered subvolcanic, ore X x py (8)
25.04940° minerals: py, cpy, po
o N 39.94467'/E LEM-7 Porphyry, sericitic altered subvolcanic in X x py (10) 9
25.05204 proximity to vein, ore minerals: py, po, hem
Kaspakas—IS epithermal
2 N 39.94524'/E LEM-6 Epithermal, IS epithermal overprint of X x x py (16),
25.05160" sericitic altered subvolcanic, ore minerals: py, sp (1)
sp, gn, po
L N 39.94386"/E LEM-8 Epithermal, IS epithermal overprint of X py (8) 5
25.05224° propylitic altered subvolcanic with epithermal
overprint, ore minerals: py
2 N 3995022'/E LEM-18 Epithermal, IS epithermal overprint of X X x py (12) 6
25.05858" sericitic altered subvolcanic, ore minerals: py,
<py. sp, gn, hem
2 N 39.94778'/E LEM-19 Epithermal, IS epithermal carbonate vein X x py (18), sp 5
25.05763° cutting through subvolcanic, ore minerals: py, (14), gn (1)
sp.gn
Sardes - porphyry
o N 39.94647°/E LEM-35 Porphyry, weakly potassic altered X x py (10) 3
25.15424° subvolcanic, cpy-mt-qtz veinlets, ore
minerals: py, po, cpy
o N 3994273/ LEM-40 Porphyry, sodic-calcic with potassic b.¢ py ()
25.15401° overprint, subvolcanic host-rock, A-type cpy (3)
veinlets, ore minerals: py, cpy, mag
L N 39.93930'E LEM-51 Porphyry, propylitic altered subvolcanic, ore X Py () 7
25.14858" minerals: py, po
" N 3994972/ LEM-65 Porphyry, potassic altered subvolcanic, ore X py (8) 1
2515664 minerals: py, cpy, po, mag
Sardes—epithermal
L N 39.94873'/E LEM-33 Epithermal, silicified sandstone, ore minerals: X x py (6), 1
25.15249" Py mrc, apy mrc (9)

Mineral abbreviations after Whitney and Evans (2010), cf. Figure 2.
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Location Key ore minerals &S in pyrite Trace Key fluid processes

and alteration  and fluid inclusion elements in

stage data® pyrite

Fakos (sericitic) Pyrite, molybdenite, rutile Stable inter- and intra- grain composition;  1Se, Co, Te, Fluid- host-rock interaction, overprint

min: ~4,,, max: 04y, median: =37, Au |As of potassic alteration, cooling

Fakos (transitional)  Pyrite—pyrrhotite, molybdenite, Not analyzed, section to thin for analysis  TAs, Te, Se, Co Boiling, mixing, cooling
sphalerite, tourmaline, calcite, clays 18b, Au

Fakos (HS Enargite min: =63y, max: 1.2y, median: ~47,,  |As, Te, Se, Co  Boiling, cooling, mixing

epithermal)

Fakos (IS (193'-262°c, 1.4-4.7 wt.% NaCl equiv.)  High variability; min: ~8.7,c,, max: 2s5, 1As, Sb, Te, Au Boiling, mixing, cooling

epithermal) median: ~1.5,, 1Se, Co

Kaspakas (sericitic)

Kaspakas (IS
epithermal)
Sardes (potassic +
propylitic)

Sardes (IS
epithermal)

Pyrite—pyrrhotite
Pyrite—pyrrhotite
Pyrite—pyrrhotite

Pyrite—pyrrhotite, marcasite-
arsenopyrite

Very low; strong intragrain variability; min:
~15.1y,, max: =924, median: ~12.25,,
Highest variation; min:
median: =33y,

9.7 550 MAX: 5.4

min: ~4.2y,, max: 2.4y, median: 0.2,

560

1Se |As, Sb,
Te, Au

TAs, Sb, Te,
Au [Se

TAs, Sb, Te, Au
18e, Co

TAs, Sb, Te,
Au [Se

Boiling (separated pockets), cooling

Boiling, mixing (vapor condensation)
cooling

Phase separation, mixing (propylitic)

Boiling, mixing (vapor condensation),
cooling

"Fornadel et al.(2012).
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Symbol Longitude/ Sample  Alteration polished XRD EPMA p-RFA LA-ICP-MS 0348
Latitude D host-rock section LA-
and ore ICP-
minerals MS
Fakos—HS epithermal
Lo N LM-29 HS Epithermal, brecciated py vein ~ x x py (23),5p (10) 8
25.15912° with massive silicification and qz
veinlets; py, sp, en, tnt, gn
O NwssE LEM-88 Epithermal, advanced argillic x
25.14793° alteration, disseminated py, ore
minerals: py
Fakos—IS epithermal
O NvsiersE LM-27B Epithermal, IS epithermal brecciated ~ x % sp (17), gn (3)
2515980 quartz veinlets cemented by milky
and comb quartz; py, BMS, sulfosalts
(bournonite, tetrahedrite) supergene:
Fe-oxides + cov
O NavosssIE LM-89 Epithermal, IS epithermal carbonate  x py (5, sp @, 9
25.16148" veinlets, ore minerals: py, sp, gn g (4)
O NesozE LM- Epithermal, IS epithermal quartz-  x (2) x@ py (20),5p (13), 5
25.15967° 33 (ab) carbonate veins with pyrite, BMS, cpy (11), gn (6),
tellurides and electrum hosted in sulfosalts
intermediate argillic altered
sandstones and lavas
O NaesingE LM-JB-06  Epithermal, quartz-carbonate veins -  x (2) x py (16), gn (2)
25.15970° veinlets with BMS
o N 39.81709'/E LM-JB-07  Epithermal, quartz-carbonate vein x(4) py (36), sp (9),
25.15872" with BMS (gn, py) in contact zone cpy (5), gn (8)
between lamprophyric dyke and
sandstone
O NwvsmgE LM-JB-09  Epithermal, silicified sandstone,
25.15990° hornfels, with a fine aphanitic texture
and impregnated with fine,
interstitial py
O NassnsE LM-JB-12  Epithermal, sandstone cut by quartz ~ x x
2516662 and tourmaline veinlets; oxidized Fe-
bearing veinlets and py; nearby a large
fault zone ore
O riverbed (not LM-JB-15  Epithermal, three samples: (@) and  x (2) xG)
outcropping) down (b): sandstone with py; (c) altered
stream of LM-JB-14 monzonite cut by quartz vein
N 39.818527/E LM-JB-01 IS Epithermal, strongly altered with x
25.14793° clay mineral replacing primary
texture them secondary alteration in
volcanogenic rock
O NessszE LM-JB-02  Epithermal, secondary alteration, cf. x
25.14793° LM-JB-01, ore minerals: hem
O NselE LM-JB-10 Epithermal, strongly altered and x
2516341 weathered; primary mineral

assemblage is completely replaced by
clay minerals; altered stockwork
veinlets with alteration halos

Mineral abbreviations after Whitney and Evans (2010), cf. Figure 2.
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Symbol Latitude/ Sample  Alteration polished XRD EPMA u-RFA LA- 034§
Longitude D host-rock section ICP-  LA-
and ore MS ICP-
minerals MS
Fakos—porphyry
. N 39.814987E 25.18641°  LM-64 Porphyry, sericitic altered monzonite, x py(30), 6
overprinting potassic alteration with py in sp (3)
veinlets, minor mol, rt, sp and cpy
- N 39814137 25.18622°  LEM-81 Porphyry, potassic ore minerals: cpy, x
hem, mag
. N 39.813067E 25.18736°  LM-84 Porphyry, potassic altered monzonite, x
massive magnetite vein, ore minerals: mag,
hem, cpy, +py
. N 39816157 25.18600° LEM-87 Porphyry, potassic ore minerals: cpy, i
hem, mag
* N 39815097 25.18205'  LM-97B Porphyry, potassic, cf. LM-84, ore x
minerals: py, cpy, hem, mag
L4 N 39.816517E 25.15975 LM-JB-04  Porphyry, altered monzonite dyke with X
oxidized stockwork veinlets
. N 39.816417E 25.15987 LM-JB-05  Porphyry, strongly altered and weathered; x
brecciated quartz vein
° N 39.815107E 25.18531°  LM-JB-17  Porphyry, monzonite with feldspar X x
destructive alteration (possibly
overprinting potassic alteration) with fine
quartz veinlets with + mag, cpy
® N 39.813557E 25.18694° LM-JB-18  Porphyry, potassic altered monzonite with ~ x x
(not outcropping) irregular patches of mag cut by grey, fine
grained qz veinlets
® N 39.816027E 25.18699° LM-JB-20  Porphyry, potassic monzonite with x(2) x
approx. 5 mm wide mag veinlets
(M-type) £ cpy, py
Fakos—transitional (shallow porphyry)
= N 39.814547E 25.14749° LM-JB-03  Transitional, crustiform carbonate veins, ~ x x py (18)
cross-cutting sandstone with py, cpy, hem
@ riverbed, not LM-JB-11  Transitional, sandstone impregnated with
outcropping (ca.100m fine py and gn
upstream of LM-JB-12)
°® N 39.81738"/E 25.16660° LM-JB-13 Transitional, sandstone cross-cut by fine  x x
tourmaline veins - veinlets;
disseminated py
4 N 39817377/E 25.16664° LM-JB-14  Transitional, sandstone cut by fine qz £Fe-  x x py (14)
oxide veins - veinlets; disseminated py
L4 N 39.810647E 25.17252°  LM-JB-16  Transitional, quartz-rich sandstone with X
(not outcropping) stockwork veins - veinlets of tourmaline
ore minerals
@ riverbed near LMJB-18  LM-JB-19  Transitional, breccia cemented by
(not outcropping) tourmaline
°® N 39.818527E 25.14793° LM-JB-01  Transitional, secondary altered x
volcanogenic rock with strongly altered
clay mineral replacing primary
texture them
b N 39.818527E 25.14793 LM-JB-02  Transitional, secondary alteration, cf. LM- x
JB-01, ore minerals: hem
o N 39816117E 25.16341°  LM-JB-10  Transitional, strongly altered and x

weathered; primary mineral assemblage is
completely replaced by clay minerals;
altered stockwork veins - veinlets with
alteration halos

Mineral abbreviations after Whitney and Evans (2010), cf. Figure 2.
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