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Abstract

:

A calc–alkaline dioritic–andesitic–dacitic intrusive–volcanic complex of Early Oligocene (30 Ma) age and its Mesozoic sedimentary basement at Recsk host a well-preserved porphyry–skarn–polymetallic carbonate-replacement–epithermal mineral system. The unique occurrence offers an exceptional possibility to study these related mineralization types at a single locality. This study presents the textural–paragenetic, compositional characteristics, and systematics of sulfide mineral assemblages for the porphyry, skarn, and carbonate-replacement ore types, which are currently situated at a depth of 500–1200 m below the present surface. Detailed petrography combined with EPMA analyses of molybdenite, galena, sphalerite, tetrahedrite-group minerals and Bi-bearing sulfosalts allows for the establishment of characteristic mineral and chemical fingerprints for each mineralization type. Rhenium concentration in molybdenite, occurring as rare disseminations and quartz–carbonate veinlets in altered host rocks in all three mineralization types, shows a decreasing trend towards the more distal mineralization types. High Re contents (   x ¯    = 1.04 wt.%, max. up to 4.47 wt%) are typical for molybdenite from the porphyry mineralization, but Re is not homogeneously distributed, neither within individual molybdenite crystals nor on a mineralization scale. Copper and Se show opposite behavior in molybdenite, both becoming enriched in the more distal mineralization types. Silver, Bi, and Se concentrations increase in galena and tetrahedrite-group minerals, both towards the country rocks, making them the best candidates for vectoring within the whole hydrothermal system. For tetrahedrite-group minerals, Ag, Bi, Se, together with Sb and Zn, are the suitable elements for fingerprinting; all these are significantly enriched in the distal carbonate-replacement mineralization compared to the other, more proximal ore types. Additionally, further trends can be traced within the composition of sulfosalts. Lead-bearing Bi sulfosalts preferentially occur in the polymetallic carbonate-replacement veins, while being under-represented in the skarn and porphyry mineralization. Porphyry mineralization hosts Cu-bearing Bi sulfosalts dominantly, while skarn is characterized by Bi-dominated sulfosalts. Sphalerite, although present in all mineralization types, cannot be used for fingerprinting, vectoring, or thermobarometry based on EPMA measurements only. Trace element contents of sphalerite are low, often below the detection limits of the analyses. This is further complicated by the intense “chalcopyrite disease” occurring throughout the distal mineralization types. All the above-listed major, minor, and trace element ore mineral characteristics enable the characterization of the Recsk ores by mineral geochemical fingerprints, providing a possible vectoring tool in porphyry Cu–(Mo)–Au-mineralized systems.
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1. Introduction


Porphyry copper deposits provide the majority of the worldwide Cu ore production and are important sources of Mo and Au [1]. The increasing demand for copper caused by the green energy transition [2,3] calls for evolved methods of exploration for this type of mineral system. The porphyry Cu(–Mo–Au)-style mineralization at the subvolcanic level of intrusive–volcanic complexes is a part of a larger-scale mineral system in which skarn, carbonate-replacement, sedimented-hosted distal-disseminated, subepithermal vein-style, and intermediate- and high-sulfidation epithermal ore types may also occur. Preservation of all of those ore types within a single system is rarely seen. The intrusive–volcanic complex of Paleogene age at Recsk provides an excellent opportunity to study porphyry and associated ore systems. This is due to the fact that all of the different mineralization types with common origin at subvolcanic and volcanic levels listed above are known and explored within a small area [4,5,6,7,8,9,10,11,12,13].



Mineral trace element fingerprints are widely used to describe the genetic framework and further economic potential of ore deposits [14,15,16,17]. Trace element distributions can also be used for mineral exploration purposes, as trace element contents of various mineral phases may change with changing geochemical conditions typical for different mineralizing conditions [18,19,20,21]. Sphalerite is widely used for thermobarometry [22,23], molybdenite is well-known for its Re content [1,24,25,26], and tetrahedrite-group minerals may also provide an effective tool for fingerprinting/vectoring within various mineralization types [13,14,27,28], although galena and sulfosalts are less often used for these purposes in porphyry Cu mineralization.



In this paper, we present results of detailed textural and paragenetic observations combined with electron microprobe (EPMA) data for ore minerals from the porphyry, skarn, and carbonate-replacement mineralization types in the Recsk ore complex. These data interpreted together are appropriate to describe the distribution and zoning of metals and minor elements in ore minerals within the whole mineralized Recsk area, which may provide a further fingerprinting tool applicable for refining ore system models and vectoring towards different types of ores in the diorite porphyry-related mineralized system.



Geology and Mineralization of the Intrusive–Volcanic Complex at the Recsk


The intrusive–volcanic complex of the Paleogene (Early Oligocene) age at Recsk is a part of a metallogenic belt that extends from the western Central Alps at Traversella in Italy eastward as far as Recsk in NE Hungary [10,29,30,31,32] along the Insubrian–Periadriatic–Middle-Hungarian Line (Figure 1).



At Recsk, diorite intrusion and associated mineralization systems at subvolcanic levels are not exposed on the surface; they became known from extensive drilling and underground exploration activities that were completed from the late 1950s to early 1990s in the 20th century. Dioritic bodies (stocks and veins) of around 29 Ma age [33] intruded Mesozoic sediments and are overlain by volcanic, volcano–sedimentary, and sedimentary rocks of the Late-Eocene–Early-Oligocene age [4,7,33,34,35,36]. The intrusive and volcanic rocks of the Paleogene age show subduction-related, medium-to-high-K calc-alkaline geochemical characteristics and form a single unit within the Paleogene Volcanic Belt of Hungary [10,29,37]. Diorite stocks intruded Jurassic olistostromes, predominantly containing Triassic to Jurassic sedimentary units (limestone, dolomite, chert) and less widespread basaltic rocks [7,36]. The Mesozoic basement is overlain by Late Eocene-Early Oligocene sedimentary rocks (limestone, marl, clay) [33] which are overlain and crosscut by the extrusive and intrusive volcanic units of the ore complex. The Cu–porphyry mineralization is hosted by the diorite stocks and their endoskarn zones along their deep-seated contacts with the Mesozoic sedimentary units (Figure 2), with indicated resources of 781 Mt Cu-ore (0.66% Cu, 0.4% cut-off with 0.005% Mo and 0.28 g/t Au) and 159 Mt Cu-ore (1.16% Cu, 0.01% Mo and 0.17 g/t Au), respectively [38,39,40].



The main porphyry orebody is surrounded by skarns along its contact with the Mesozoic sedimentary rocks (Figure 2), containing horizontally and vertically zoned Cu–Zn–Pb mineralization with 36 Mt Cu-ore (2.19% Cu) and 11.5 Mt Zn-ore (4.98% Zn). In the zones towards the country rocks, the Triassic–Jurassic tectonically disturbed units host a polymetallic Zn–Pb carbonate-replacement ore with grades as high as 3.15–3.5% Zn and 1.2–2.1% Pb locally [40,41].



The shallow epithermal zones of the Recsk ore complex have been targeted by mining and intense exploration since the early 19th century, but mining of the Cu–Au ore was stopped in the 1970s. In the past 20–30 years, Brownfield mineral exploration has mostly targeted the epithermal Cu–Ag–Au intermediate sulfidation (IS) and Cu–Au high-sulfidation (HS)-type ore zones at shallow depths, above the porphyry stocks (Figure 2) [8,13]. Those exploration programs reported an indicated remaining resource of 32.4 Mt of Au ore with 1.47 g/t of average-grade Au in the HS-type mineralization zones [38].





2. Materials and Methods


2.1. Samples


Based on the results of previous studies on more than 500 samples, a total of 32 samples were selected for the purpose of this study, all of which were accessible from the drill core sample repository of the Department of Mineralogy, Eötvös Loránd University, Budapest (Table 1). The selected samples represent the three deep-seated economically significant mineralization types, i.e., Cu(–Mo–Au) porphyry, Cu, and Zn–Pb skarn and Pb–Zn–(Ag) carbonate replacement mineralization. The selected sample set represents both the rocks from the northernmost part of the mineralization as well as the more southern intrusives and their surroundings. Samples were selected upon mineral composition, preferring those that contain measurable crystals from most of the studied mineral species. Some samples derive from the archive collection of representative drill cores from the mineralization.




2.2. Methods


Microscopic studies were performed on 30 or 100 µm thick polished thin sections. Optical microscopy was performed with a Zeiss Axioplan polarization microscope equipped with Zeiss Axiocam 208 camera (Carl Zeiss GmBH, Jena, Germany). Scanning electron microscopic (SEM) imaging was implemented using an AMRAY 1830i electron microscope with a PU9800 energy-dispersive detector at the Eötvös Loránd University, Institute of Geography and Earth Sciences, and a Thermo Scientific PhenomXL Desktop SEM, equipped with a CeB6 electron source and a built-in SDD energy-dispersive spectrometer, provided by AuroScience Ltd (Budapest, Hungary).



Electron microprobe (EPMA) measurements of sulfide minerals were performed on a JEOL JXA-8200 WD/ED-combined microanalyzer at the Eugen F. Stumpfl Electron Microprobe Laboratory at Montanuniversität Leoben. Measurement conditions for all analyses were 20 kV acceleration voltage and 10 nA sample current. Standardization was made with SPI Supplies natural and artificial CuFeS2, ZnS, HgS, PtAs, MoS2, CuS, PbS, BiAgSe2, Sb2S3, SnS2, PdTe sulfide; V, Ge, Cd, In, and Re pure metals; and Mn5Si5O15 silicate reference materials. EPMA measurements were performed on sphalerite, galena, tetrahedrite, molybdenite, Bi-sulfosalts, and kesterite. The elements measured in sphalerite were the following: Zn, S, Fe, Mn, Cu, Cd, Hg, Ge, In, V; in galena: Pb, S, Ag, Se, Bi, Cu; in tetrahedrite-group minerals: As, Sb, S, Fe, Zn, Cu, Ag, Te, Se, Bi, Hg, Pb, Cd, Se; in molybdenite: Mo, S, Se, Re, Cu, W; in bismuth sulfides: Bi, S, Pb, Cu, Se, Te, Ag, and Sn; and in kesterite: Zn, V, Fe, Cu, S, Se, In, Cd, Mn. Individual measurements, measurement conditions, times, and detection limits for each element are listed in the electronic appendix.



Data analysis was performed in IMDEX ioGAS and R software environment (version 4.3.1; [42]).





3. Results


3.1. Petrography


3.1.1. Porphyry Cu–(Mo)–Au Ore


The porphyry-copper-type mineralization is mostly hosted by the apical zones of the diorite intrusion, but mineralized zones extend subordinately in the endoskarn rock assemblage as well. The Cu–Mo ore is contained mostly by a quartz-rich stockwork zone in the diorite, while the endoskarns are characterized by lenticular ore bodies with massive-to-disseminated Cu mineralization [5].



The porphyry mineralization is characterized by a 50–150 m thick zone of intensively altered rock assemblage hosting stockwork Cu(–Mo–Au) mineralization. K-metasomatic zones are often overprinted by various degrees of propylitic or phyllic alteration (Figure 2), resulting in the presence of sericite/illite together with quartz, or green sheet-silicate minerals accompanied by epidote. The primary porphyry minerals plagioclase and amphibole are often replaced by quartz–illite–sulfide paragenesis or chlorite–quartz–sulfide–apatite paragenesis. All the mineralized samples are characterized by intense veining. Veins are characterized according to Sillitoe [43]. M-type veins were not observed, but multiple generations of A-, B-, and D-type veins are widespread in the studied samples. These veins are also accompanied by multiple generations of carbonate veins. While A-type veins are characteristically present in the potassic alteration zone, B-type and D-type veins tend to occur within variously altered samples even within the surrounding endoskarns. Carbonate veins with various mineralogy are present throughout the entire mineralized porphyry stock.



The stockwork mineralization is characterized by the mineralogically and genetically diverse veinlets cross-cutting each other, which are the most important carriers of the sulfide ore minerals. As samples come from 63.5 mm halved drill cores, clear cross-cutting relations cannot always be determined, thus multiple generations of the same vein type are not necessarily distinguishable. There are early, exclusively cellular or, more rarely, sugary quartz veins, quartz–sulfide veins, which typically contain pyrite, rarely chalcopyrite, galena, iron oxide, or K-feldspar, in addition to quartz. These are recognized as A-type veins, and by their mineralogy and appearance, at least two different generations can be distinguished. These two types of A-type veins are distinguished by their sulfide mineral contents. There are veins hosting exclusively pyrite, while in other A-type vein generations, other sulfide minerals may also occur, although only in subordinate amounts. A-type veins may occur throughout the mineralized system, their thickness being mostly between 2 and 30 mm.



Multiple generations of B-type veins can be distinguished by their mineralogy. There are mainly quartz–pyrite veins, but quartz–pyrite–chalcopyrite, quartz–pyrite–molybdenite veins and quartz–pyrite–chalcopyrite–molybdenite veins can also be recognized as subclasses of B-type veins (Figure 3e). Sulfide minerals usually occur in the central parts of these veins, but there are veins which show multiple sequences and/or asymmetrical distribution of ore minerals; these latter veins have a banded texture. When B-type veins crosscut mafic porphyry phenocrysts, massive sulfide replacement of the phenocryst usually occurs (Figure 3c,d), forming a “sulfide-bead” laced up on the narrow (1–5 mm) quartz–sulfide vein. B-type veins occur both in the mineralized diorite apexes and the surrounding endoskarns. B-type veins in the endoskarns typically crosscut the original textural features of the rocks such as remaining sedimentary structures, mineral nodules, or massive sulfide lenses. Thickness of B-type veins typically range between 1 and 5 mm.



D-type veins with their typical sericite–illite-rich alteration halos and relatively higher sulfide contents are also abundant. Besides the quartz–sericite–sulfide veins, some pure sulfide (pyrite, chalcopyrite) veins may also be categorized to type-D based on their cross-cutting relations. Besides their dominantly pyrite–chalcopyrite ore mineral assemblage, molybdenite or, rarely, scheelite may also occur within some of these veins. Repeated “bands” of quartz–sulfide parageneses in some veins also suggest multiple re-opening processes. Carbonates also occur as central zones of D-type veins, typically with a calcite–dolomite, pyrite, chalcopyrite, ±molybdenite, galena mineralogy (Figure 3f).



Within the apical and outermost lying parts of the diorite intrusion, but sometimes also within the K-metasomatic zones, multiple generations of carbonate veins can be observed. These are usually thicker (generally 5–40 mm) than the usual B- and D-type veins and banded even within the porphyry mineralization center. These carbonate veins often show a banded texture. The wall rock usually shows sericitic, or propylitic, alteration. The veins generally start with coarse-grained drusy quartz, followed by quartz, pyrite, chalcopyrite, molybdenite, and galena mineral assemblages, followed by the precipitation of carbonates and sericite. Pyrite, molybdenite, and galena tend to occur in the central carbonate part of the veins too.



Carbonate veins are classified into several additional types based on their mineral association: (1) quartz–carbonate–pyrite veins with pyrite being the one and only sulfide, (2) carbonate veins with molybdenite–pyrite–chalcopyrite–galena characteristic mineral association (Figure 3b), (3) quartz–carbonate–pyrite–molybdenite–tennantite veins, and (4) sphalerite–galena–pyrite-bearing carbonate veins containing chalcopyrite and abundant sulfosalts too. In addition, quartz, anhydrite, barite, celestite, clay minerals—typically illite—may appear in any of the above-mentioned carbonate veins. Minor monazite, rare earth carbonates like bastnäsite, apatite, xenotime, rare scheelite and molybdenite, and rheniite also occur as accessory constituents of these carbonate veins.




3.1.2. Skarn Ores


Skarns host the highest grades of Cu and Zn ores within the Recsk ore complex. Skarns occur typically as lenticular or pocket-like bodies with a thickness of 50–200 m, surrounding the mineralized diorite apex. The classification of skarn samples based on mineralogical and textural criteria is more problematic, as the skarn deposits are diverse and several parageneses can be observed even on a hand specimen scale. Skarns at Recsk were classified by their mineralogy as follows [5]: wollastonite marble, garnet–pyroxene skarn, pyroxene (±amphibole) skarn, epidote skarn, phlogopite skarn, anhydrite–serpentine skarn, secondary quartzite metamorphosed rocks. All these rock types also bear signs of hydrothermal overprint by a sulfide paragenesis. The following types were identified among the examined samples: garnet–pyroxene skarn with sulfide veins, pyroxene skarn with massive sulfide lenses, pyroxene–amphibole skarn with replacement—vermicular—fabric, and epidote–anhydrite skarn with replacement quartz–anhydrite–sulfide veins, serpentinite with massive sulfide veins, and contact quartzite with grossular with massive sulfide lenses and B-type veins. Any of these rocks may host Fe, Cu, Zn–Pb, or Cu–Zn–Pb mineralization, i.e., the type of mineralization does not seem to depend on contact metamorphic/metasomatic paragenesis.



Most examined samples belong to the garnet skarn. The size of garnet grains varies between 50 µm and 1 cm. Individual crystals can be euhedral, but they can also be anhedral in veins. Garnet often shows growth-zoning, marked by radially occurring primary 2-phase fluid inclusions. The garnet in these rocks is andradite, less often grossular, showing zonation patterns. As mineral inclusions, diopside, quartz, less often anhydrite, hematite, and sphalerite (Figure 4a) can be found in garnet. The garnet skarns often contain calcite, quartz, pyroxene, epidote–zoisite nodules, tabular anhydrite, and less commonly amphibole, occurring in fibrous clusters.



The pyroxene skarn most often contains massive sulfide ore. Pyroxene has hedenbergite–johannsenite, less often diopside composition, and an average grain size of 200–1000 µm. Pyroxene shows a isometric–hypidiomorphic habit, but it is idiomorphic and tabular, associated with large (5–10 mm) carbonate grains. It often occurs together with 10–200 µm crystals of tremolite having a needle-like or fibrous appearance. The pyroxene in the garnet–pyroxene skarn rocks is not significantly different in composition or form from the pyroxene appearing in other skarn rocks. Pyroxene skarn rocks typically contain mostly Cu-rich ore and, less often, Cu–Mo mineralization, appearing as disseminations of chalcopyrite and molybdenite (Figure 4f,g) associated with massive lenses of pyrite.



Epidote–quartz skarn rocks consist of epidote, pyroxene, and anhydrite. These lenses are often crosscut by a network of 1–10 mm-thick veins containing quartz, carbonate, and anhydrite. Epidote is also present in an epidote–chlorite endoskarn; there, the original texture of the diorite and relics of the magmatic mineral assemblage are preserved. In the epidote skarns, the Zn-, Cu–Zn, Zn–Pb sulfide mineralization is typically found in these veins that sometimes comprise up to 10% of the whole rock. Common ore minerals are pyrite, chalcopyrite, and sphalerite. In some samples, scheelite was observed, often accompanied by molybdenite.



Contact metamorphic quartzite occurs along the contact of the diorite intrusion with siliceous rocks. The massive quartzite lenses are often crosscut by thin garnet-bearing calc–silicate veins. Centimeter-sized massive sulfide lenses and B and D quartz-sulfide veins are common in this rock type. They typically contain a pyrite–chalcopyrite–sulfosalt/telluride–tennantite–scheelite paragenesis (Figure 4c,h).



An unusual anhydrous skarn rock of monticellite–magnetite–anhydrite composition was overprinted by a hydrous retrograde mineral association with brucite–hydrogrossular–serpentine–chlorite–tochilinite–valeriite (Figure 4b,d). This is accompanied by pyrite, pyrrhotite, sphalerite, alabandite, and galena, where galena may host Bi-tellurides and sulfosalts as inclusions (Figure 4e).




3.1.3. Carbonate-Replacement Polymetallic Mineralization


Carbonate-replacement (CAR) hydrothermal ores have diverse appearances and occur within variously altered host rocks. This type of mineralization extends as far as 2 km from the porphyry mineralization center. Pyrite-dominated mantos were described as far as 1–1.5 km southwest from the outermost diorite stocks, while few-centimeters-thin carbonate-replacement polymetallic veins occurred up to 2 km from the dioritic bodies in every direction. CAR mineralization is generally represented by altered-recrystallized hydrothermal breccias forming centimeter-sized brecciated veins or a few ten-centimeter-thick breccia pipes in the samples.



The manto ore forms horizontal massive sulfide lenses with a thickness up to few tens of cm. The breccias show a diverse appearance within the mineralized zones. Based on the composition of the clasts, there are exclusively carbonate, carbonate–quartz–clay minerals, as well as exclusively siliceous breccia types, within which the gangue and ore mineral assemblage can show further variability. Among the hydrothermally altered, brecciated sedimentary rocks, the most characteristic common feature is the fragmented and somehow recrystallized bedrock cemented by a carbonate–sulfide ± quartz ± anhydrite assemblage. The shape (roundness and sphericity) and size (from a few 10 µm to >10 cm) of the fragments can vary from sample to sample and within individual samples too. Any rock type within the whole mineralized complex may be cross-cut by carbonate–sulfide ± quartz ± sulfate veins of 0.5–5 cm thickness. These veins are characterized by banded texture, the rims being typically enriched in quartz, their central part being most heavily mineralized. Sulfates within these veins may be anhydrite, celestite, or baryte.



The ore mineral content of the rocks varies from sample to sample, usually ranging from below 1% to 5%, although some samples may contain as much as 50% sulfides connected to veins or the matrix. Higher-ore mineral contents were observed locally in sulfide-rich veins with 10–50% of sulfides, dominantly sphalerite–pyrite, while manto-like, horizontally extensive pyritization accompanied by sphalerite, tetrahedrite-group minerals, kesterite, and, rarely, scheelite and molybdenite (Figure 5a,e,g,h) hosts 15–20% ore minerals on average.



Mantos, hydrothermal breccias, and distal altered sedimentary rocks are commonly crosscut by carbonate or carbonate–sulfide veins, often accompanied by quartz and anhydrite. The carbonate vein network enmeshing the whole mineralized system can be characterized by several textural–paragenetic types. There are exclusively carbonate veins without any sulfides present, as well as carbonate–pyrite veins in which pyrite may host inclusions of galena or tetrahedrite-group minerals—rarely kesterite—, and carbonate–sulfide veins with 1–5% pyrite–sphalerite–galena–chalcopyrite–tetrahedrite–sulfosalt ore mineral assemblage. The latter vein generation represents the highest ore grades throughout the entire CAR-mineralized system. Sulfide-bearing veins usually contain various amounts of euhedral quartz and locally also contain sulfates (celestite, anhydrite), sometimes containing fluorite, bastnäsite, xenotime (Figure 5e,h), monazite, apatite, and pockets of clay minerals (usually illite).



Veins containing only various carbonate minerals occur throughout the altered country rocks. Multiple generations of carbonate veins can be distinguished: there are coarse (1–2 mm) crystalline, exclusively calcite-bearing veins which predate the mineralizing carbonate–sulfide veins based on cross-cutting relations. This vein type is usually thin, 1–5 mm in thickness. There are open fissures and cavities filled with carbonate minerals, where calcite is often accompanied by dolomite and minor bastnäsite; even monazite may be present within those veins. The size of calcite crystals in such veins is usually below 1 mm, although, in open cavities, both calcite and dolomite may form rhombohedral crystals with a size up to 5 mm. These veins can reach a thickness up to 2 cm, their outline being sharp. Both mineralogical and cross-cutting relations suggest that these veins were formed during the post-ore stage. Although sulfides are absent in these carbonate veins, they usually occur in samples with disseminated ore types. There are pure calcite, pure dolomite, or calcite–dolomite veins, all crosscutting every preexisting mineralized feature. These are usually fine crystalline (below 0.5 mm), and their thickness is usually also maximally 1–2 mm.



Carbonate–pyrite veins are typical both for mantos, and for country rocks crosscut by massive carbonate–Zn–Pb sulfide veins. There are veins hardly reaching a thickness of 1 mm, with pyrite and calcite being present within them, while other carbonate–pyrite veins can reach a thickness of 1 cm or more. Pyrite within these veins is typically euhedral, accompanied by calcite and dolomite mostly. Accessory minerals in these veins can be bastnäsite, and various minor sulfides found as inclusions in pyrite, such as sulfosalts, sphalerite, galena, and kesterite. In their thickness and their mineral composition, they can be distinguished from veins having more various sulfide mineralogy.



Carbonate–sulfide veins are one order of magnitude thicker within the samples than the previously mentioned groups. Their carbonate mineralogy is dominated by Mn-bearing calcite, dolomite, ankerite, and, rarely, siderite. Drusy quartz with sulfide inclusions is also a common constituent of these veins. Both the pyrite–sphalerite–galena–tetrahedrite-group minerals dominated ore mineral composition, and the various carbonate phases may occur with various crystal sizes between 1 mm and 3 cm. Carbonate–sulfide veins are generally the thickest, reaching thicknesses over 12 cm within the samples, although they are often interlocking and braided. Thus, a 1–4 cm vein is often accompanied by 1–5 mm sized nearly parallel-running veins with similar mineralogy.



Some quartz–carbonate–sulfide veins with accessory anhydrite, celestite, barite within the porphyry apex share the textural, mineralogical, and paragenetic sequential properties of the veins occurring within the carbonate-replacement zones.





3.2. Ore Mineralogy


3.2.1. Porphyry Mineralization


Pyrite is the dominant mineral in the disseminated ore, with various sizes and shapes ranging from 10 µm euhedral to 1 cm subhedral–euhedral crystals. In addition to pyrite, chalcopyrite and molybdenite are locally abundant (Figure 3), primarily as inclusions in pyrite, less often as an independent phase. Pyrrhotite, bornite, sphalerite, galena, tennantite, and various sulfosalts may also occur (Figure 6). Chalcopyrite is never euhedral; it occurs as anhedral 20 µm to 1 cm patches, surrounding pyrite, or as individual sulfide veinlets (Figure 3c–e). Disseminated molybdenite occurring in the diorite is typically 20–50 µm in size, with thin flakes mostly embedded in clay or quartz, replacing primary porphyry components. Disseminated pyrite replaces altered-porphyry grains of any size from 200 µm to 2 cm. The edge and outline of the altered magmatic phenocryst is often contoured by anhedral sulfide mineral nodules (Figure 3a), or the ratio of sulfide replacement increases towards the tips of the porphyritic phenocryst. Zonal sulfide replacement is also common, where the distribution of the fine-grained, typically anhedral–subhedral pyrite and chalcopyrite grains follow the growth zones of the porphyry crystals. Sulfides replacing the phenocrysts are often found alongside dominantly idiomorphic apatite grains zoned with xenotime or monazite inclusions. In the altered matrix of the diorite, which is typically silicified with clay minerals, the enrichment of the sulfides can be associated with a thin, µm-scale crack system that can only be recognized under the microscope. The cracks contain predominantly quartz, pyrite and chalcopyrite. Rarely, disseminated idiomorphic pyrite, molybdenite, or sphalerite grains appear, which cannot be connected to any visible vein or to the position of a previous mineral phase in the matrix. Pyrite with inclusions of galena, sulfosalts, and chalcopyrite, sometimes with inclusions of bornite and kesterite, was the first phase to crystallize. Pyrite rims are often co-crystallized with idiomorphic molybdenite flakes. Chalcopyrite generally occurs as space-filling xenomorphic replacive masses in the porphyry phenocrysts, or as late-stage veins cross-cutting the earlier assemblages. The extent of these latter veins is often limited to the replaced phenocrysts. Aluminum–phosphate–sulfate minerals, apatite, monazite, and hydrothermal zircon of 30 µm size may appear in nests of clay minerals besides the sulfides.




3.2.2. Skarn Mineralization


The main sulfide minerals of the different skarn types are pyrite, chalcopyrite, sphalerite, galena, pyrrhotite, and alabandite (Figure 6). Mainly as inclusions in pyrite or chalcopyrite occur kesterite, tetradymite, tellurobismuthinite, plumbobismuthinite, wittichenite, aikinite, dantopaite, and matildite, as well as an unknown mineral of AgBiSeS composition (Figure 6). Besides these, scheelite, tennantite, molybdenite, valleriite, and tochilinite may occur in some skarn samples, not only as inclusions in pyrite, but as single ore mineral phases, too.



Pyrite is the most abundant ore mineral in the skarns. Various pyrite generations can be distinguished in skarn ores: some idiomorphic, 10–50 µm pyrite crystals occur in the recrystallized carbonate matrix often dispersed, without any inclusions; skarns with originally porphyritic texture may host porphyry-replacement pyrite and chalcopyrite, often accompanied by pyrite and chalcopyrite in B-type veins; pyroxene–garnet skarns host dispersed 0.1–5 mm subhedral pyrite grains within the silicate matrix; while idiomorphic pyrite crystals of 0.1–2 mm size may occur as dispersed crystals, rarely as vermicular veins in pyroxene or pyroxene-amphibole-skarns.



Chalcopyrite generally forms xenomorphic masses within all skarn rock types (Figure 4c). Massive quartz–chalcopyrite lenses occur in pyroxene skarn samples with 10–30% chalcopyrite locally, chalcopyrite with xenomorphic sugary quartz occurring in an 100–1000 µm wide vein network enmeshing the whole pyroxene skarn. Chalcopyrite in these samples locally shows alteration to covellite along the grain boundaries. In Zn–skarn samples chalcopyrite occurs mostly as chalcopyrite disease in sphalerite, often replacing as much as 15% of the original sphalerite grains. Euhedral–subhedral sphalerite and galena tend to occur together. Early sphalerite shows co-precipitation textures with andradite (Figure 4a), while sphalerite is also observed to co-precipitate with pyrite and galena. Sphalerite grains in Zn–Pb skarns are typically 0.1–2 mm in size, occurring in bands typically accompanied by subhedral–euhedral 0.1–5 mm galena and euhedral 0.1–2 mm pyrite. Further ore minerals are of less importance. Alabandite (Figure 4d,e) occurs usually in subhedral 20–200 µm grains, often accompanied by high-Mn high-Fe sphalerite and space-filling galena. Valleriite and tochilinite were only observed in one of the studied samples, accompanied by brucite, serpentine-group minerals and hydrogrossular, replacing magnetite, monticellite, and anhydrite (Figure 4d). Tochilinite and valleriite within this skarn assemblage are often intergrown, forming xenomorphic masses with 20–600 µm pseudomorphs after the pre-existing equilibrium-textured magnetite–monticellite assemblage (Figure 4b). In the original silicate–oxide mineral assemblage of the skarn, hematite and magnetite can be observed as ore minerals and as accessories, as well as accessory allanite, thorianite, rutile, and perovskite. Sphalerite in most of the studied skarn samples shows intense “chalcopyrite disease”.




3.2.3. Carbonate-Replacement Mineralization


The most abundant ore mineral throughout the mineralized carbonate host rocks is pyrite with varying size and shape depending on textural position, commonly associated with sphalerite-, galena-, chalcopyrite-, and tetrahedrite-group minerals (Figure 5a,e–g; Figure 6). In addition, accessory molybdenite, scheelite, kesterite, kuramite, aikinite, friedrichite, bismuthinite, telluro-, cupro-, or plumbobismuthinite, tetradymite, hessite, and emplectite occur in the mineralized samples (Figure 6). While molybdenite and scheelite occur as <1% separate phases, kesterite usually occurs connected to sphalerite- or tetrahedrite-group minerals, while the sulfosalts are generally present as 5–20 µm inclusions within pyrite or galena. The ore minerals can either occur in the breccia clasts or in the cementing carbonate vein network.



Pyrite occurs exclusively as 10–500 µm large cubes in the silicified host rock and 100 µm–4 mm large crystals in carbonate veins. Pyrite is generally the first phase to crystallize, often showing growth zonation bands. Inclusions of sphalerite-, galena-, tetrahedrite-group minerals, chalcopyrite, and, rarely, arsenopyrite highlight the zonal patterns visible in pyrite. Pyrite has a typical poikilitic [44] co-precipitation texture with sphalerite occurring in some CAR-mineralized veins (Figure 5f). Sphalerite also occurs as euhedral–subhedral grains, with typically amber, rarely bluish-yellow, or dark-brown color. Early precipitating sphalerite may occur as zonal inclusion swarms in pyrite or euhedral quartz, while sphalerite in carbonate veins is usually intergrown with pyrite and galena, showing polysynthetic twinning. Multiple growth zones of sphalerite can be observed, typically being highlighted by color changes. All samples with sphalerite are characterized by the intense “chalcopyrite disease” (Figure 5b,d) [45]. Chalcopyrite displaces up to 10–15% of the original crystal generally, although the extent of the disease can be different in every specimen. Besides chalcopyrite, kesterite occurring together with tetrahedrite also replace sphalerite (Figure 5a). Sphalerite grain size ranges from 5 µm to 3 cm within different textural positions.



Galena usually is co-genetic with sphalerite, although some galena veins also cut across sphalerite crystals, suggesting a later origin. Galena is typically subhedral, always occurring in the same textural position as sphalerite both in the matrix or in the carbonate veins. The typical crystal size for galena is between 50 µm and 3 mm. In some sphalerite-bearing specimens with chalcopyrite disease in sphalerite, galena shows cellular–granular, ameboid, or less commonly, oriented lamellar replacement texture by aikinite [46] as a quasi “galena disease”.



Besides its typical occurrence as “disease in sphalerite”, chalcopyrite generally occurs as veins or anhedral patches of 50 µm–10 mm size. Chalcopyrite veining typically shows crosscutting relations with every ore mineral except the late-stage tetrahedrite-group minerals. The tetrahedrite-group minerals occur as 100–500 µm space-filling anhedral masses, veins, or pockets often accompanied by anhedral galena or rarely with hessite and bismuthinite. Kesterite only occurs as rims on diseased sphalerite crystals often accompanied by vanadium-rich sulvanite and tin-rich kuramite-like mineral phases.





3.3. Compositions of Major Sulfide Minerals in Different Types of Mineralization


Galena, sphalerite, tetrahedrite-group minerals, molybdenite, and bismuth-bearing sulfosalts all occur in porphyry, skarn, and carbonate-replacement type of ores at Recsk. Thus, comparison of their compositions may indicate their different formation conditions in different parts of the porphyry-, skarn-, and carbonate-replacement-ore-forming system at subvolcanic levels. Chemical compositional data are given in the electronic supplement.



3.3.1. Molybdenite


In molybdenite, the concentrations of Cu, Se, Re, and W are highly variable. Rhenium is the most abundant trace element with a wide range of concentrations. Molybdenite in the porphyry copper ore shows the highest Re contents up to 4.47 wt% (   x ¯    = 1.05 wt% and 2σ = 1.22, n = 47). Molybdenite with the highest Re contents was found in the northernmost apexes of the diorite intrusion where molybdenite is often hosted by D-type quartz veins and carbonate veins with pyrite–molybdenite–galena occurring in the central part of D-type veins. Molybdenite grains within these veins also tend to show heterogeneous distribution of Re. Rhenium contents show no systematic changes throughout most of the grains but oscillatory zoning and lamellar changes in the distribution of Re occasionally also occur. In those latter cases, Re contents tend to change by various layers within one single molybdenite flake. Molybdenite grains with the highest Re contents also host micrometer–nanometer-sized inclusions of rheniite. Molybdenite in the skarn and CAR mineralization shows significantly lower rhenium concentrations compared to the porphyry ore (Figure 6). The Re content of molybdenite is 0.026–1.86 wt% with    x ¯    = 0.267 and 2σ = 0.359 (n = 30) in the skarn ores, and it is always below 0.125 wt% with    x ¯    = 0.047 wt% with 2σ = 0.039 (n = 13) in the CAR mineralization.



The Cu contents of molybdenite show a reverse trend compared to Re. The distal CAR mineralization has the highest Cu contents, while lower values characterize both the skarn and porphyry ores (Figure 7a). In the two latter mineralization types, the Cu values are mostly below the detection limit, while they are always detectable in the CAR mineralization. The Se concentrations in molybdenite show a similar trend as Cu (Figure 7). Selenium is generally low in molybdenite from both the porphyry (b.d.l–0.14 wt%    x ¯    = 0.024 wt% with 2σ = 0.027, n = 47) and skarn (b.d.l–0.034 wt%    x ¯    = 0.01 wt% with 2σ = 0.011, n = 30) ores, though some molybdenite from the porphyry ore have sporadically higher values. The average Se content in molybdenite is highest in the CAR mineralization (up to 0.11 wt%    x ¯    = 0.06 wt% with 2σ = 0.030, n = 13). Tungsten does not show systematic variation among the three mineralization types, but only a few values (n = 12 out of 90) are above the detection limit (180–200 ppm) of the applied analytical setup. These higher values were measured dominantly in molybdenite from the skarn mineralization.



When plotting Re vs. Se data of molybdenite, a grouping of the data according to the mineralization type becomes visible (Figure 7b). The Re contents of molybdenite are lower in the skarn and especially in the CAR mineralization types reaching the highest values in the porphyry molybdenite. In contrast, Se contents are highest in molybdenite from CAR mineralization. Molybdenite with high Se and low Re contents usually is from carbonate veins hosting only pyrite besides molybdenite. Skarn molybdenite has low concentrations of both Se and Re and overlaps with the lower range of porphyry mineralization (Figure 7b).




3.3.2. Galena


Galena is a common ore mineral in all three mineralization types at subvolcanic levels at Recsk. It shows variations in Se, Ag, and Bi contents according to the ore type (Figure 8a,b). Selenium is lower in the porphyry copper ore (b.d.l–1.54 wt%,    x ¯    = 0.53 wt% and 2σ = 0.1, n = 39) compared to the skarn (0.23–2.13 wt%,    x ¯    = 0.97 wt% and 2σ = 0.51, n = 45), and peripheral CAR mineralization (0.35–4.08 wt%,    x ¯    = 1.01 wt% and 2σ = 0.95, n = 34) (Figure 8a). Silver and Bi show a strong positive correlation (Figure 8b) with r = 0.94 for the whole set of samples. The highest Ag and Bi contents are both found in the CAR type. Galena analyses with Ag values above the detection limit show a negative correlation of Se and Ag (r = 0.72). Porphyry mineralization hosts galena with Ag (b.d.l.-0.76 wt%,    x ¯    = 0.11 wt% and 2σ = 0.19, n = 39) and Bi (b.d.l–0.75 wt%,    x ¯    = 0.06 wt% and 2σ = 0.16, n = 39) contents, and galena from the skarn mineralization shows similar range of Ag (b.d.l–0.43 wt%,    x ¯    = 0.10 wt% and 2σ = 0.14, n = 45) and Bi (b.d.l–0.28 wt%,    x ¯    = 0.05 wt% and 2σ = 0.09, n = 45) contents. Galena in the CAR mineralization contains the highest amount of both Ag (0.18–0.97 wt%,    x ¯    = 0.50 wt% and 2σ = 0.24, n = 34) and Bi (b.d.l–1.28 wt%,    x ¯    = 0.43 wt% and 2σ = 0.4, n = 34, respectively). Copper was also analyzed in galena, showing the highest values in the porphyry mineralization, although the data may be affected by chalcopyrite hosting most of the measured galena grains. Thus, Cu data are not further used for deposit type characterization.



For the whole galena dataset above detection limit for Bi (n = 51), the following linear regression can be set for Ag–Bi compositions with a correlation (r = 0.92):


Bi(at. %) = 0.7512Ag(at. %) − 0.1634



(1)







If skarn data are excluded—as it shows a different behavior regarding Ag–Se—the remaining porphyry–carbonate-replacement dataset shows a correlation of (r = 0.97) for Bi and Ag. With this dataset (n = 37), the linear regression can be modified as follows:


Bi(at. %) = 0.8387Ag(at. %) − 0.2243



(2)








3.3.3. Sphalerite


Sphalerite is characterized by variable Fe, Mn, Cd, and V contents while Cu occurs in sphalerite mostly due to intense “chalcopyrite disease” (Figure 5b) [45]. Thus, high Cu contents are also often associated with similarly high Fe contents, although higher Fe contents are generally observed with Cu being totally absent. All the analyzed sphalerite crystals are generally low (below detection limit) in Ge, In, and Hg. Some exceptions of relatively higher In contents (0.58–0.69 wt%, n = 3) coincide with enrichments of Cu, with no other elements being significantly enriched. All of the above-mentioned In enrichments occur in one CAR sample, showing extensive chalcopyrite disease in all sphalerite grains. Principal component analysis (PCA) of the data (Figure 9.) shows Mn and Fe charging positively on PC2 while being negatively loaded on PC1. Cadmium and Zn show an inverse behavior compared to Fe and Mn, although their characteristics are less distinctly highlighted. Loading positively on both PC1 and PC2, Cu shows a nearly perpendicular trend to all of the aforementioned elements. Hence, while high Mn contents are typical for skarn sphalerite, porphyry sphalerite is Zn–Cd-dominated, while CAR mineralization tends to fall in between, overlapping with the skarn data field.




3.3.4. Kesterite


Besides the chalcopyrite disease, kesterite Cu2(Zn,Fe)(V,In,Sn)S4 is also found replacing sphalerite with a similar texture (Figure 5a) in the CAR mineralization. Sulfides with Cu(Zn, Fe)(Sn,V)(S,Se) element association occur as inclusions in pyrite together with sphalerite, chalcopyrite, and bornite within the porphyry orebody too. Multiple generations of kesterite have been found as inclusions of pyrite, replacing sphalerite in the CAR mineralization or accompanying tetrahedrite-group minerals (Figure 6), some of them containing significant amounts of V (up to 3.22 wt%,    x ¯    = 0.66 wt% n = 18), and sometimes remarkable amounts of In too (up to 0.63 wt%,    x ¯    = 0.25 wt% n = 18). Both in the porphyry and the CAR mineralization, crystals of ferrokesterite–stannite occur. Moreover, composition close to kuramite is detected, although within these grains, Fe, Zn, In, and V substitutions also occur, which are known as substitutions within this structure.




3.3.5. Tetrahedrite-Group Minerals


Major and minor element compositions for tetrahedrite-group minerals were also measured from all three deep-seated mineralization types, while data for the epithermal mineralization are available from [13]. It is important to highlight that skarn data come from one single sample, as occurrence of tetrahedrite-group minerals within the skarn mineralization is rather accidental. While the CAR-mineralized zones are dominated by the presence of tetrahedrite, tennantite is dominant in the porphyry and the skarn samples.



Tetrahedrite group minerals in all three mineralization types show strong (r = 0.72) correlation between Sb and Ag, while its Fe and Cd contents are negatively correlated (r = 0.70). Oscillatory zoning is often observed in the CAR mineralization (Figure 5c), where multiple zones within one single grain were also measured. Due to oscillatory zoning patterns, tetrahedrite- and tennantite-rich compositions may occur next to each other on the single-grain-scale in the CAR mineralization. On the contrary, tennantite is predominant in the porphyry and skarn mineralization; in the latter, zoning is lacking. Oscillatory zoning is caused by changes in As, Sb, Ag, Fe, Zn, and Bi contents, As–Sb being the most influential substitution. While CAR mineralization is characterized by oscillatory zoned tetrahedrite, the mineral grains in the porphyry mineralization are generally homogeneous or can be characterized by one single Sb-enriched rim.



Mineralization types within the porphyry–epithermal system can be distinguished by the Ag + Cu/Fe + Zn (apfu) ratios [13] or Sb/(Sb + As) (apfu) ratios, as well as Fe/(Fe + Zn) (apfu) ratios [27] in the tetrahedrite-group minerals (Figure 10.). Porphyry samples show Sb/(Sb + As) ratios of 0.00014–0.46, i.e., these are tennantite. Sb/(Sb + As) ratios between 0.9 and 0.007 are characteristic for the CAR mineralization type. As mentioned, the wide range of this ratio is caused by oscillatory zoning of this mineral. A single generation of tennantite grains (n = 14) found in a sample from skarn mineralization is characterized by Sb/Sb + As values of 0.0008–0.026.



Elevated Ag values in the tetrahedrite-group minerals are characteristic for the CAR mineralization type, together with the elevated contents of Sb. Antimony and Bi also show elevated concentration in the CAR mineralization type, although no correlation of Bi with Sb or Ag was found. Fe/(Fe + Zn) in tetrahedrite-group minerals is less distinctive because this ratio shows bimodal distribution in the studied samples, with values between 0.94 and 0.90, as well as 0.40–0.06 for Cu–porphyry, In the skarn, Fe/(Fe + Zn) is 0.64–0.54, and CAR mineralization is richer in Zn (0.50–0.03). Cadmium, occurring in the same crystallographic position as Zn, shows enrichment in the porphyry mineralization, while being constantly lower in the CAR mineralization.




3.3.6. Bismuth Sulfosalts


Bismuth sulfosalts are typical accessory minerals in all ore types at Recsk. The sulfosalts from high-sulfidation and intermediate-sulfidation epithermal mineralization were already described in detail before [8,13], but less so in the deep-seated orebodies addressed in this study. Bismuthinite, galenobismuthinite, and tetradymite occur in all the mineralization types in various amounts. Copper–Pb–Bi ratios allow distinction of different mineral species (Figure 11), such as aikinite–bismuthinite series minerals as well as friedrichite, cosalite, cuprolillianite, wittichenite, and cuprobismuthinite homologous series.



Identified Ag-bearing Bi sulfosalts are matildite, dantopaite, and hammarite, while an unknown Ag–Bi–Se–S phase could not have been better identified because of its small crystal size. EDS and EPMA measurements for this unknown phase suggest a 3:2 ratio member of the bohdanowitzite–matildite series. Tellurium-bearing phases are similarly abundant in all ore types, and the abundance of Te–Se–S phases show no difference among ore types.



The amounts of identified Bi minerals show some correlation with the type of ore, e.g., aikinite and galenobismuthinite often replace galena in CAR mineralization, while the skarn mineralization is dominated by Pb-poor sulfosalts, like bismuthinite–cuprobismuthinite or tetradymite, and Ag-bearing sulfosalts are also more abundant. Lead-bearing sulfosalt phases are more abundant in the CAR-mineralization type, though emplectite, aikinite–bismuthinite, witthichenite, and hessite occur as accessories within the epithermal, as well as the deep-seated, orebodies.






4. Discussion


Petrography, supported by mineral minor and trace element measurements can serve as a useful tool for mineral exploration in porphyry and related ore deposits. For this purpose, galena, molybdenite, sphalerite, tetrahedrite-group minerals, and sulfosalts can also be discussed regarding stoichiometric, non-stoichiometric, and coupled substitutions documented in the studied mineralization types [16,24,25,27,47,48,49,50,51,52].



4.1. Molybdenite


In molybdenite, the most notable difference is the change in Re content in the three deep-seated mineralization types (Figure 7). Rhenium gradually decreases from the porphyry mineralization center towards the more distal CAR mineralization, while other elements such as Cu, Se, or W show less distinct characteristics. Detection frequency and quantity of Cu increased from the porphyry stocks towards the distal CAR ore in the carbonate rock. Measurable contents of W were most often analyzed in molybdenite from skarn rocks, which are typically characterized by a low Re content. Higher W contents coincide with occurrences of scheelite within the skarn. It should be emphasized that molybdenite characterized by the highest Re content occurs in carbonate–quartz–sulfide veins of the porphyry mineralization. Moreover, these Re contents are seemingly decreasing with increasing distance from the porphyry mineralization center as already described by Terada et al. [26]. This agrees with the observations of Barton et al. [24], who found high Re content in less felsic diorite intrusions, where the main controls of its precipitation are more oxidative conditions or phase separation. As anhydrite is documented in the porphyry mineralization, relatively oxidized conditions are a realistic assumption for the Recsk porphyry system, while phase separation is also known to occur in the apexes of the mineralization [10,37], where the D-type and carbonate veins are both abundant. The fact that W and Cu occur in molybdenite within mineralization types lacking rhenium also agrees with observations by Barton et al. [24]. These findings altogether indicate that the main source of Re are the subvolcanic or deeper intrusions, and Re can be preferentially enriched in the open fissures of shallow stockwork mineralization simultaneously with the opening up of late veins. Molybdenite from these veins has the highest Re contents (up to 4.47 wt%), and it is associated with rheniite, a rare rhenium mineral.




4.2. Galena


The strong positive correlation of Ag and Bi in galena (Figure 8.) clearly supports the well-established coupled substitution mechanism along the galena–lillianite series [49]. The second significant trace element substituting in galena is Se, which enables continuous S–Se substitution along the galena–clausthalite line [47]. The variable but typically low Cu contents measured in galena raise the possibility of Cu + +Bi3+-coupled substitution: x(Cu+ + Ag+)-xBi3+ [47,49]. The difference between Cu+–Bi3+ and Ag+–Bi3+ replacement can be that galena–matildite or galena–lillianite form a nominally continuous series [47,49,53], while aikinite and galena are not known to form an isomorphous series. The aikinite that developed as lamellar or myrmecitic replacement phase in Ag–Bi bearing low Cu galena in CAR mineralization further supports the hypothesis that Cu is less compatible with the crystal structure of galena. The established linear functions for Ag and Bi substitution suggest that for one atom % Ag, approximately 0.6 atom % Bi is incorporated. This means that Sb or As—not measured within this study—may also be incorporated within the galena lattice via coupled substitution, or that other substitutions must be operative [51]. The negative correlation of Ag and Se in skarn galena for values above the lower detection limit for Ag suggests that this galena generation has distinctly different formation conditions, which could reflect the metasomatic processes associated with multi-stage skarn formation.



Galena in porphyry copper and skarn systems is generally characterized by lower Se, Ag, and Bi concentrations compared to the carbonate replacement mineralization. Although the enrichment of all three elements towards the country rocks seems statistically valid, Se shows no correlation with Ag or Bi; thus, its enrichment towards the country rocks is not controlled by the same process causing the enrichment in Bi and Ag. Temperature-dependent changes in galena chemistry are suggested by Craig [53] and Moëlo et al. [49]. The observed patterns in this study underline distance-dependent enrichment processes for Se or Ag and Bi in galena which although Se and Bi–Ag have different enrichment processes. Thus, besides temperature, additional factors must be considered, regarding the enrichment of various elements in galena. Partitioning between sphalerite and galena or further co-existing sulfides like pyrite or chalcopyrite may be present regarding some of the elements.




4.3. Sphalerite


Sphalerite minor and trace element distribution can be affected by the source of the elements and the changes in redox conditions in addition to the changes in temperature [23]. Given that the Ga content of high-temperature hydrothermal sphalerite usually falls below the detection limit of the EPMA method, and Ge as well as In are b.d.l. for more than 70% of the measurements, the sphalerite GGIMF thermobarometer of Frenzel et al. [23] is not applicable for our dataset. Both Fe and Mn occur in very low concentrations in sphalerite from the porphyry copper ore, and both elements show high values in the typically more reduced skarn rocks. In the skarns, this may indicate the subsequent hydrothermal overprinting of the previously formed, high-temperature mineral association [54]. Thus, we suggest that the highest Fe–Mn content measured in sphalerite formed in association with tochilinite, valleriite, alabandite, chalcopyrite, galena, and pyrrhotite during the hydrothermal overprinting/metasomatic replacement of the primary high-temperature magnetite–monticellite skarn mineral assemblage. PCA of sphalerite major element data supports that Fe and Mn behave geochemically similarly, following the well-known Mn and Fe substitution of Zn in sphalerite Frenzel et al. [23]. Cadmium shows opposite behavior to Fe and Mn, which can be interpreted with simple substitution processes. Copper loading nearly perpendicular to the Zn–Cd–Fe–Mn line on the PCA figure (Figure 9) indicates that the enrichment of Cu within sphalerite is caused by an independent process. The interpretation of elevated Cu contents is rather easy in most of the studied sphalerite grains as the whole mineralization is characterized by intense chalcopyrite disease in sphalerite [45]. The appearance of In, V, and Ge is not systematic, although their enrichment is usually associated with some subsequent hydrothermal overprinting of sphalerite. Thus, highest In, V, and Ge contents are associated with chalcopyrite or kesterite “disease”, typically in the skarn and carbonate replacement mineralization types. Application of further thermobarometers [22,55] is also limited because of the occurrence of extensive chalcopyrite disease re-equilibrating the Fe content of sphalerite, while Mn and Cd were not measured from galena. To apply modern geothermometers on these sphalerite grains sulfur isotopic ratios of sphalerite and pyrite, fluid inclusion studies, and further trace element analysis must be performed.




4.4. Tetrahedrite-Group Minerals


For tetrahedrite-group minerals, both compositional and textural differences are discriminative. As tetrahedrite-group minerals in skarns are rather rare, the data presented are statistically not representative, as all results originate from one single sample. Tetrahedrite group minerals from the solely examined skarn sample are similarly rich in As as the porphyry mineralization is. They are enriched in Bi, while the concentrations of Se, Ag, and Cd are generally low, below the detection limit. Carbonate-replacement mineralization is dominantly characterized by tetrahedrite with oscillatory growth zoning. However, Sb/(Sb + As) ratios of these grains scatter within a wide range, with the highest Sb contents corresponding to increased Bi, Se and Ag contents. This supports previous observations [56] that increasing As contents are coupled with decreasing Ag contents in tetrahedrite-group minerals. The oscillatory zoning of As-Sb and Fe-Zn as well as the substitution of Cu by Ag may indicate the physico-chemical—most probably temperature—changes during the crystallization of tetrahedrite-group minerals [28]. The observed ratios of Sb/(Sb + As) and Fe/(Fe + Zn) correspond to the data ranges of data presented by Marushchenko et al. [27] from the Baimka Cu–Mo–Au porphyry ore system. Mineral chemical analyses on epithermal tetrahedrite-group minerals were reported by Takács et al. [13]. Their data show that all generations of high sulfidation (HS) epithermal tetrahedrite-group minerals are dominated by Cu and Ag, while Zn and Fe are generally low (Figure 10). HS mineralization is characterized by higher Te and Bi contents as well, while intermediate sulfidation (IS) epithermal tetrahedrite group mineral compositions overlap with the porphyry–skarn–CAR field (Figure 9). IS and CAR data are generally overlapping, though Te is less abundant in the CAR mineralization compared to the IS tetrahedrite-group minerals.




4.5. Sulfosalts


The distribution of sulfosalts with various compositions in the mineralized system is not necessarily conclusive. Lead-rich, or Pb-dominated, sulfosalts were mostly found in the carbonate-replacement mineralization (Figure 11), although some Pb–Cu–Bi sulfosalts are present in late carbonate veins with sphalerite–galena dominant mineral composition of the porphyry mineralization, too. These late veins are therefore petrographically and geochemically linked to the ore forming fluids of the CAR mineralization. In skarn samples, Bi and Cu–Bi sulfosalts and sulfotellurides were found predominantly, while Pb occurs only in galena, not in the form of sulfosalts. The most abundant sulfosalt mineral observed in the deep-seated orebodies was aikinite and transitional compositions within the aikinite–bismuthinite homologous series [49], occurring dominantly in the CAR mineralization type. Occurrence of Pb-bearing sulfosalts mainly in the distal parts of the deep-seated orebodies may be connected to the large scale of distribution of elements in the whole mineral system. The same zonation is also visible in the distribution of ore-forming elements in the skarn mineralization, as well as the zonal occurrence of the different ore types [57]. An alternative explanation for the preferential occurrence of Pb within the carbonate-replacement mineralization can be the partly sedimentary origin of Pb in this mineralization type. Tellurium sulfosalt minerals occur throughout the mineralized system. Tetradymite, hessite, and emplectite occur in all five mineralization types within the mineralized Recsk complex.




4.6. Behavior of Selenum


In the case of molybdenite, galena, and tetrahedrite-group minerals, a major trend was observed of relatively increasing Se concentrations towards the CAR mineralization. Even though this trend is not highlighted by any kind of statistically sound correlation of Se with other elements within the studied mineral grains, the question of temperature or distance-dependent behavior of Se within the whole porphyry hydrothermal system may be raised similarly to the suggestion of Keith et al. [57] for pyrite. The lack of correlation of Se with other elements may be due to the relatively low number of analyses, or further controlling factors, like partitioning of Se between co-precipitating minerals, which were not studied in detail in this study.





5. Conclusions


The magmatic–hydrothermal system at Recsk includes porphyry-style, skarn, and distal carbonate-replacement-type mineralization at subvolcanic levels. The systematic mineralogical and textural analyses of sulfide minerals from the various types of ores revealed that the trace element contents of molybdenite, galena, and tetrahedrite-group minerals can be useful as proximity indicators and for discriminating mineralization types in this porphyry-intrusion-related magmatic–hydrothermal system. The Re content of molybdenite decreases from the central porphyry Cu mineralization towards the more distal skarn and carbonate replacement type of mineralization in the country rocks. In galena and tetrahedrite-group minerals, Ag, Bi, and Se contents increase within the more distal mineralization types. This is also coupled with increasing Sb and Zn contents in the tetrahedrite-group minerals. Thus, Re in molybdenite, and Ag, Bi, and probably Se in galena, as well as Sb, Zn, Ag, and Bi in tetrahedrite-group minerals, may be applied for differentiating mineralization types and as vectors towards the porphyry intrusion within a porphyry–copper-type mineral system.



Compositional variation of sphalerite was found to be of limited use for fingerprinting or vectoring purposes within the Recsk ore complex based on EPMA measurements. In every ore type, anomalous behavior of Mn, Fe, Zn in sphalerite with “chalcopyrite disease” was detected. However, sphalerite crystals that have been co-precipitated with pyrite and without “chalcopyrite disease” in the carbonate replacement type ore show obvious linear correlations between these elements. Kesterite inclusions with similar texture to the “chalcopyrite disease” within sphalerite were also found in the latter type of ore. Any secondary replacement phenomenon occurring in sphalerite (chalcopyrite or kesterite “disease”) makes the sphalerite data absolutely inconsistent, limiting its value for fingerprinting, thermobarometry, or vectoring.



Galena replacement by myrmecitic–lamellar aikinite was also observed. The abundant occurrence of these replacement textures within an approximately 2 km wide zone in the distal part of the porphyry system indicates a widespread distal hydrothermal Cu-mobilization event. This could be caused either by remobilization of some central, Cu-rich, mineralized body or the distal presence of primary Cu-bearing ore-forming hydrothermal fluids.
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Figure 1. Geological setting of the mineralized Recsk complex along the Insubrian–Periadriatic–Middle-Hungarian line. Note the Paleogene volcanic and intrusive complexes occurring along the tectonic line, their northeastern-most exposure being Recsk. Modified after Molnár 2007. 
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Figure 2. Cross-section and contour maps of the mineralized Recsk complex. Multiple apexes of the complex diorite porphyry can be seen on both the cross-section and the contour maps. Mineralized zones extend as far as 2 km from the porphyry diorite, showing a Cu–Zn–Pb metal zonation trend towards the country rocks. Epithermal zones are situated within the stratovolcanic units, hosted by diatreme breccias and tectonically preformed zones. Based on [7,10,12]. 
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Figure 3. Ore textures on SEM-BSE images from the Cu–(Mo)–Au mineralization: (a), replacement of magmatic amphibole grain (amf) by chlorite and skeletal pyrite (py) with apatite (ap) at the rims (Rm35–21); (b), euhedral pyrite and subhedral molybdenite (mo) “fish” within carbonate(cc)–quartz(qz)–illite(ill) vein with baddeleyite (Rm35–07); (c), anhedral porphyry pyrite replacing glomeroporphyric nodule with chalcopyrite inclusions, crosscut by galena-bearing chalcopyrite veins (Rm30–64); (d), sulfide paragenesis replacing tabular porphyry phenocryst. Molybdenite and galena (ga) inclusions in anhedral porphyry pyrite, crosscut by chalcopyrite veins (Rm30–64); (e), anhedral pyrite in quartz vein with rounded chalcopyrite (cpy) inclusions associated with thin flakes of molybdenite embedded in quartz (Rm35–16); (f), euhedral tennantite (tn) with Sb-enriched tetrahedrite rim (ttr) associated with pyrite in quartz–illite porphyry matrix (Rm35–08). 
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Figure 4. Typical ore textures ((a,b), polarized light), ((c–h), SEM-BSE) from the various skarn mineralized rocks: (a), transmitted polarized light photograph of sphalerite (sph) inclusions in andradite garnet (gr) surrounded by transparent red sphalerite (Rm71–499); (b), reflected polarized light microphotograph of equilibrium-texture anhydrite (anh) being replaced by brucite (br) and galena (ga) along fractures, in pseudomorph equilibrium texture with rust-red tochilinite (to) replacing magnetite (Rm77–492); (c), scheelite (sch) inclusion swarm in quartz–chalcopyrite–pyrite vein in garnet–skarn (Rm34–43); (d), monticellite (mc) being replaced by brucite–tochilinite assemblage surrounded by xenomorphic, vein-filling hydrogrossular (gr), resorbed anhydrite, and hydrothermal galena, pyrite, and alabandite sulfide grains (Rm77–492); (e), Bi-sulfotelluride–tetradymite–(td) grains with anhedral, vein-filling galena associated with sphalerite and alabandite; (f), euhedral pyrite crystals with silicate inclusion zones occurring with grossular and calcite (cc), molybdenite (mo) occurs in a subhedral garnet crystal (Rm45–340); (g), molybdenite inclusions in subhedral, quartz-inclusion-rich pyrite grains in siliceous matrix (Rm34–42); (h), anhedral skarn pyrite with chalcopyrite inclusions crosscut by not zoned tennantite (tn) vein in illite–quartz matrix (Rm34–42). 
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Figure 5. SEM-BSE (a,c,e–h) and reflected-light (b,d) microphotographs of characteristic ore textural features from the CAR mineralization type: (a), kesterite–kuramite (kes) rim on resorbed sphalerite (sph) and pyrite (py), accompanied by tetrahedrite, sphalerite showing network-like and granular kesterite disease (Rm34–07); (b), chalcopyrite (cpy) replacing both sphalerite and galena (ga) with characteristic dusted disease in sphalerite associated with aikinite (ak) domains replacing galena in vein (Rm61–01); (c,d), oscillatory zoned tetrahedrite (ttr) patch in sphalerite associated with galena and the same grain in reflected polarized light (Rm87–01); (e), microcrystalline molybdenite (mo) patches in massive carbonate (cc) manto with pyrite (Rm34–07); (f), unaltered sphalerite (sph>) with poikilitic texture in euhedral pyrite surrounded by subhedral sphalerite (sph) grains showing dusty chalcopyrite disease (Rm34–05); (g), scheelite inclusion in euhedral pyrite (Rm34–07); (h), molybdenite flakes within illite-bearing vein in carbonate manto associated with idiomorphic xenotime (Rm34–07). 
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[image: Minerals 14 00956 g005]







[image: Minerals 14 00956 g006] 





Figure 6. Paragenetic succession table of the most abundant ore and gangue minerals within the studied samples. Copper–porphyry mineralization is listed by textural features, while skarn and carbonate-replacement polymetallic mineralization are listed according to the ore-forming stages. Minerals are given in order of decreasing frequency. 
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Figure 7. Minor and trace element distributions in molybdenite from the three mineralization types (Porphyry (PO), skarn (SK), and carbonate-replacement (CAR)). (a) Boxplots showing the trace element distributions and their interquartile ranges, averages (horizontal lines within the boxes), and medians (black circles) for the three mineralization types. Note that the y-axis is logarithmic. While Re shows a decreasing trend from the porphyry towards the carbonate rocks, Cu and Se are both seemingly enriched towards the more distal mineralization. (b) Re–Se (atom%) scatterplot showing generally low Se contents coupled with high Re in porphyry, while low Re with relatively higher Se contents in the carbonate-replacement mineralization. 
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Figure 8. (a): Ag–Bi (atom%) scatterplot for galena. Linear correlation is visible, with increased Ag–Bi contents characteristic to CAR mineralization, while skarn mineralization shows similar trends to porphyry. (b): Ag–Se scatterplot for galena shows the lack of correlation between these elements. 
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Figure 9. PCA biplot of sphalerite main element compositions from the studied mineralization types. Vector endpoints are indicated by black crosses. Iron and Mn showing inverse behavior compared to Zn and Cd is a result of the well-known substitution mechanisms for these elements, while Cu loading nearly perpendicular to these is an effect of abundant chalcopyrite disease within the sphalerite grains. While porphyry sphalerite can be characterized by relatively higher Cd and Zn contents, skarns are marked by elevated Mn levels. CAR field is falling in between, overlapping strongly with the majority of the skarn data. 
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Figure 10. (a): Ag + Cu − Fe + Zn scatterplot of tetrahedrite-group minerals showing the data of the deep-seated mineralization types (this study) compared to data fields of all three generations of epithermal high-sulfidation (blue) and intermediate-sulfidation from the Parád area (pink) from [13]. (b): Sb/(Sb + As) − Fe/(Fe + Zn) scatterplot of tetrahedrite-group minerals showing the deep-seated mineralization types. Relatively lower Fe contents are characteristic for the CAR mineralization, while relatively higher As contents are characteristic for the porphyry and skarn mineralization types. 
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Figure 11. Pb–Cu–Bi ternary plot of the measured Bi sulfosalts. Most sulfosalt grains were found within the CAR mineralization type, most of them being typically Pb-rich, while Pb-bearing sulfosalt phases are less abundant in skarn and porphyry mineralization. PO mineralization is dominated by Cu-bearing sulfosalts, while skarn rocks typically host Pb-poor sulfosalt phases. CAR mineralization hosts a variety of sulfosalts along the aikinite–bismuthinite homologous series and plumbobismuthinite is also abundant. 
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Table 1. Drill core samples used for petrography and EPMA studies from the northern intrusive part of the Recsk mineralization. Ore types: PO–Cu–(Mo)–Au-porphyry, SK-skarn, CAR–polymetallic carbonate replacement. Minerals: py—pyrite, cpy—chalcopyrite, fhl—tetrahedrite-group minerals, sph—sphalerite, ga—galena, sphs—sulfosalt, mo—molybdenite, sch—scheelite, va—valleriite, to—tochilinite, mt—magnetite.
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Drillcore

	
Spl. Nr.

	
Coordinates (WGS 84)

	
Mineralogy

	
Mineralization Type




	
X

	
Y

	
Z

	
Ore Minerals

	
Gangue Minerals






	
Rm-30

	
63

	
47.9349

	
20.0694

	
−290.3

	
py, cpy, fh, ga, sphs

	
fs, qz, ag,

	
PO




	
Rm-30

	
64

	
47.9349

	
20.0694

	
−400.6

	
py, ga, sph, sphs, mo

	
qz, fs, ag, cc, dol

	
PO-CAR




	
Rm-34

	
05

	
47.9373

	
20.0615

	
−602.3

	
py, sph, ga,cpy, sphs

	
qz, cc

	
CAR




	
Rm-34

	
06

	
47.9373

	
20.0615

	
−697.3

	
py, sph, sphs, fhl

	
qz, cc

	
CAR




	
Rm-34

	
07

	
47.9373

	
20.0615

	
−716.3

	
py, mo, sch, sph, fhl, sphs

	
dol, qz,

	
CAR




	
Rm-34

	
42

	
47.9373

	
20.0615

	
−796.3

	
py, sph, cpy, fhl, sphs, sch, mo

	
qz, grt

	
SK




	
Rm-34

	
43

	
47.9373

	
20.0615

	
−818.3

	
py, sphs, sch, cpy

	
qz

	
SK




	
Rm-34

	
44

	
47.9373

	
20.0615

	
−832.8

	
py, sphs, sch, cpy

	
fs, qz, ag

	
PO




	
Rm-34

	
46

	
47.9373

	
20.0615

	
−961.3

	
py, fhl, sphs

	
fs, qz, ag

	
PO




	
Rm-35

	
5

	
47.9359

	
20.0658

	
−337.8

	
py, cpy, sph, ga, sphs

	
fs, qz, ag

	
PO




	
Rm-35

	
6

	
47.9359

	
20.0658

	
−334.3

	
py, cpy, sph, ga

	
fs, qz, ag

	
PO




	
Rm-35

	
7

	
47.9359

	
20.0658

	
−373.8

	
py, mo, cpy, ga, fhl

	
fs, qz, ag, cc

	
PO




	
Rm-35

	
8

	
47.9359

	
20.0658

	
−372.8

	
py, mo, fhl, sph,

	
fs, qz, ag, cc

	
PO




	
Rm-35

	
13

	
47.9359

	
20.0658

	
−569.3

	
py, mo, cpy

	
fs, qz, ag, cc

	
PO




	
Rm-35

	
16

	
47.9359

	
20.0658

	
−677.3

	
py, mo, cpy

	
fs, qz, ag, cc

	
PO




	
Rm-35

	
17

	
47.9359

	
20.0658

	
−682.8

	
py, mo

	
fs, qz, ag

	
PO




	
Rm-35

	
21

	
47.9359

	
20.0658

	
−782.3

	
py, mo

	
fs, qz, ag

	
PO




	
Rm-35

	
23

	
47.9359

	
20.0658

	
−786.3

	
py, mo, cpy, sphs

	
qz, grt, px

	
SK




	
Rm-35

	
24

	
47.9359

	
20.0658

	
−837.3

	
py, mo, cpy

	
fs, qz, ag

	
PO




	
Rm-45

	
340

	
47.9329

	
20.0709

	
−839.3

	
py, cpy, mo,

	
qz, amf

	
SK




	
Rm-61

	
01

	
47.9420

	
20.0625

	
−664.5

	
py, sph, cpy, ga,sphs

	
qz, cc, dol, fl

	
CAR




	
Rm-63

	
03

	
47.9324

	
20.0604

	
−506.3

	
py, ga, sph, sphs

	
cc

	
CAR




	
Rm-64

	
01

	
47.9280

	
20.06202

	
−233.0

	
py, sph, ga, fhl, sphs

	
qz, cc, dol

	
CAR




	
Rm-70

	
01

	
47.9203

	
20.0698

	
−576.9

	
py, sph, ga, cpy

	
cc, px, ag

	
SK




	
Rm-70

	
16

	
47.9203

	
20.0698

	
−313.3

	
py, cpy, mo, ga

	
fs, qz, ag

	
PO




	
Rm-71

	
74

	
47.9172

	
20.0580

	
−926.9

	
py, cpy, ga, sph, sphs

	
cc, qz, anh

	
SK




	
Rm-71

	
499

	
47.9172

	
20.0580

	
−907.0

	
py, sph, ga, cpy, sphs

	
grt, qz, px, cc

	
SK




	
Rm-71

	
02

	
47.9203

	
20.0698

	
−717.9

	
py, sph, ga, cpy

	
px, ep, srp, cc

	
SK




	
Rm-73

	
49

	
47.9186

	
20.0631

	
−58.3

	
py, cpy, mo, sph, ga, sphs

	
fs, qz, ag

	
PO




	
Rm-77

	
492

	
47.92569

	
20.0633

	
−219.3

	
py, po, mt, sph, ga, to, va, ala

	
grt, anh, br

	
SK




	
Rm-82

	
516

	
47.9021

	
20.0513

	
−645.2

	
py, sph, ga, cpy

	
anh

	
SK




	
Rm-87

	
01

	
47.9368

	
20.0557

	
−422.3

	
py, sph, ga, fhl, cpy

	
qz, cc

	
CAR
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