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Abstract

:

The sources and critical enrichment processes for granite related tin ores are still not well understood. The Erzgebirge represents one of the classical regions for tin mineralization. We investigated the four largest plutons from the Western Erzgebirge (Germany) for the geochemistry of bulk rocks and autocrystic zircons and relate this information to their intrusion ages. The source rocks of the Variscan granites were identified as high-grade metamorphic rocks based on the comparison of Hf-O isotope data on zircons, the abundance of xenocrystic zircon ages as well as Nd and Hf model ages. Among these rocks, restite is the most likely candidate for later Variscan melts. Based on the evolution with time, we could reconstruct enrichment factors for tin and tungsten starting from the protoliths (575 Ma) that were later converted to high-grade metamorphic rocks (340 Ma) and served as sources for the older biotite granites (323–318 Ma) and the tin granites (315–314 Ma). This evolution involved a continuous enrichment of both tin and tungsten with an enrichment factor of ~15 for tin and ~7 for tungsten compared to the upper continental crust (UCC). Ore level concentrations (>10–100 times enrichment) were achieved only in the greisen bodies and dykes by subsequent hydrothermal processes.
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1. Introduction


At the end of the Variscan orogeny, voluminous granite plutons intruded the European upper crust. In some areas―like in the Erzgebirge or southwestern England―these granites are associated with extreme enrichments of elements such as Sn, W, or Mo, and with the formation of large ore deposits. “Tin granites” are usually regarded as S-type granites that crystallized under reduced conditions [1,2]. However, there is no consensus about the source rocks of such granites and their critical enrichment processes. For the late Variscan Cornubian Batholith, the melting of feldspathic greywackes has been proposed as the main protolith for these granites [2]. For the Erzgebirge granites, a mixture of sedimentary rocks (meta-pelites/shales) with evolved magmatic sources (quartzo-feldspathic rocks) has been supposed as protoliths [1,3,4,5]. In addition, intense weathering of Early Paleozoic sediments was postulated to be necessary for the Sn enrichment [6,7].



In the Erzgebirge, sedimentary and magmatic host rocks of Variscan granites were subducted to various depths and are now exposed at the surface (low pressure, middle pressure, high pressure rocks). These rocks were intensely studied by petrology, geochemistry, and geochronology [8,9,10,11,12,13,14,15,16,17]. Therefore, the Erzgebirge is an ideal region for comparing geochemical and geochronological fingerprints of potential source rocks with that of granites. In addition, the sequence of Variscan granite intrusions was recently established by high-precision U-Pb zircon CA-ID-TIMS dating for the four largest intrusions in the Western Erzgebirge [18]. Based on these studies, the geochemical evolution of Variscan granites can be analyzed for a time span of ~8–9 Ma: starting from early unevolved biotite granites to highly specialized Li-mica bearing tin granites. Here, we use bulk rock geochemistry (elements, Nd, and Sr isotopes) in combination with zircon geochemistry (Hf and O isotopes, trace elements) to reconstruct the temperature and sources of melt formation. We discuss what information can be inferred from various geochemical proxies (i) from bulk rocks, and (ii) from zircon crystals that precipitated from the melt. This allows us to reconstruct the sources of granites as well as enrichment processes that finally led to ore level concentrations of Sn and W in ore bodies and test various suggestions necessary for ore level enrichments, e.g., [6,7].




2. Regional Geology and Previous Geochemistry


The Erzgebirge is part of the Variscan orogenic belt and is located at the northern margin of the Bohemian Massif at the border between Germany and the Czech Republic (Figure 1a). It forms a large anticlinal structure (80 x 40 km) made up of felsic amphibolite-facies gneisses with frequent lenses of eclogite, amphibolite, and felsic granulites [19]. Some of these eclogite- and granulite-facies rocks were buried to UHP conditions at mantle depth (evidence from coesite and diamond: e.g., [20,21]). The ages suggested for peak (U)HP metamorphism cover a range from 360 to 330 Ma [9,10,15,22,23]. Petrological studies discriminated several units with different P-T histories [9,11,24], which together represent a tectonic stack of different crustal segments formed during the Variscan subduction and continent-continent collision [25]. Gneisses form the core while mica schists and phyllites are located at the rim of the antiformal structure of the Erzgebirge [19].



The Variscan granites of the Erzgebirge form various larger and smaller bodies within their metamorphosed host rocks (Figure 1). In the Western Erzgebirge, the granites intruded at shallow depths (3–6 km below the surface; [26]) while in the Eastern Erzgebirge volcanic magmatites also occur. The whole Erzgebirge is underlain by a negative Bouguer anomaly implying the presence of granites at least for several km below the surface [27]. Several boreholes confirmed the presence of granites at depths under meta-sediments exposed at the surface [28].



Variscan granites in the Erzgebirge traditionally have been subdivided into the “mountain granites” (Gebirgsgranite) and the “ore mountain granites” (Erzgebirgsgranite), indicating the close relationship of the latter to ore formation (Figure 1c) [29]. Later, these two groups were assigned to “older” and “younger” intrusive complexes (OIC and YIC, [30,31]). These two groups of granite have clear differences in their bulk rock geochemistry (Figure 1c) [32].



In the Western Erzgebirge, the largest intrusion is the Eibenstock/Nejdek (EIB) pluton, that is in its German part a typical representative of the highly specialized tin granites, while the nearby Kirchberg (KIB) and Bergen (BER) plutons, as well as the smaller granite outcrops near Aue and Schwarzenberg (ASB), are assigned to the less evolved granite group 1 (Figure 1) [33]. These granites intruded mainly into Ordovician phyllites and belong to the first Variscan intrusion period (323–314 Ma) [18]. A later Variscan period of magmatic activity is represented by subvolcanic dykes and the likely coeval small granite intrusions of Eichigt-Schönbrunn [34]: 297 ± 8 Ma, SHRIMP; [35]: 305–295 Ma, EMP monazite and Ar-Ar dating). This second period of magmatic activity is not considered in this paper.



Several petrological varieties of granites occur in the Erzgebirge, e.g., biotite granites, two-mica granites, and Li-mica granites. Each pluton is composed of several non-deformed textures: coarse-grained porphyritic (main intrusive phase), medium-grained (sometimes porphyritic), fine-grained porphyritic or fine-grained equigranular, fine-grained aplitic dykes [36] (Figure 1). According to their major mineral composition (quartz, alkali feldspars, plagioclase), the rocks represent mainly monzo-granites and granodiorites [31] and are assigned to S-type granites [36]. The EIB granite (second group) has lower abundances of plagioclase compared to ASB, BER, and KIB. In the Western Erzgebirge, the first and second granite group differ in their petrological composition (biotite and two-mica granites versus Li-mica) and their geochemistry (low fluorine versus high fluorine contents; Figure 1c). In [5], the ASB was divided into two subgroups, the northern Aue subgroup that occurs as biotite granites and the southern Schwarzenberg subgroup that is composed of two-mica granites.



An extensive geochronological database exists but all previous dating did not reveal a clear age difference between both granite groups because of relatively large errors (≥1%) of applied dating methods (see compilation of age data in [18]). The sequence of intrusions was only recently established by precise and accurate CA-ID-TIMS zircon dating [18]: the ASB granites intruded first (~323–322 Ma) followed a few Ma later by the granites from BER and KIB (~320–318 Ma). The highly evolved F- and Li-rich tin granites from Eibenstock intruded considerably later at ~315–314 Ma (Figure 1d) [18].



Granites from the Erzgebirge/Krušné Hory were intensely studied by geochemistry, and specifically the granites from ASB, BER, EIB and KIB, e.g., [1,3,4,5,37,38,39]. The strong enrichment of rare alkalis (Li, Rb, Cs), lithophiles (Sn, W, Nb, Ta), fluorine, and uranium in the Li-mica granites was explained by a combination of (a) evolved melt sources, (b) extreme degrees of magma fractionation, and (c) superposition of late- to post-magmatic, auto-metasomatic processes [38]. Förster et al. [37] proposed a classification into five different granite groups by geochemistry: (1) low-F biotite granites; (2) low-F, two-mica granites; (3) high-F, high-P2O5 Li-mica granites; (4) high-F, low-P2O5 Li-mica granites; and (5) high-F, low-P2O5 biotite granites (Figure 1c). These authors [37] have shown for the first time that ASB, KIB, and BER granites have lower F contents compared to all samples from EIB so that the F-P2O5 diagram can be used as a discrimination diagram. The authors stated that each of these five groups underwent an individual igneous evolution and used the reciprocal value of the titanium concentration (1/TiO2) as the parameter for the degree of fractionation in the melt. They also showed that the greisen from each group and their host granites have similar tendencies in F- and P2O5-concentrations.



Breiter et al. [1] explained the chemical trends of the granites by fractional crystallization and related the formation of Sn-W deposits to late-magmatic–early post-magmatic mineralization, with fractional crystallization, fluid-melt immiscibility, hydro-fracturing, and fluid-rock interaction as the main enrichment processes. In contrast, Stemprok et al. [40] explained the trends in bulk rock geochemistry of these upper crustal magmas by mixing of (i) early crystallized phenocrysts and (ii) melt that later crystallized as fine- to medium-grained matrix of these granites.



Studies of melt inclusions in Variscan granites from the Erzgebirge yielded shallow emplacement depths (3–6 km below surface), crystallization temperatures near 700 °C, and extreme volatile enrichment from the early, higher-temperature crystallization stages (~3 equiv. wt % H2O) to the latest melt fractions (~10 equiv. wt % H2O) [26]. The melt- and fluid-inclusion studies [26,41,42,43] demonstrated that the latest melt stages were extremely enriched in elements like Sn, F, P, Li, Rb, Cs, Nb, Ta, Be, locally in U, Th, and W, and had a very high enrichment in elements that decrease melt viscosity (F, P, B). Although F is usually partitioned into the melt, it was proposed to separate into the fluids at the latest stages of the magmatic evolution, leading to further enrichment of Sn [44]. This is in agreement with the thermodynamic analysis of Ca-enriched peraluminous granites, showing that decomposition of topaz and decalcification of plagioclase caused by hydrothermal fluids results in fluorite formation [45]. Inclusion studies, as well as detailed chemical investigations of quartz and feldspar [3,46], showed that the investigated rocks may contain several generations of melt and minerals.



Despite the extensive literature on the granites from the Erzgebirge, there is little consensus on their protoliths. For the Erzgebirge/Krušné Hory, most authors proposed a mix of two sources: (i) a sedimentary source (pelites, shales) and (ii) a “fertile” or “evolved” source like quartzo-feldspathic rocks (metagreywackes and orthogneisses) e.g., [4,39]. In addition, other sources like a juvenile component (volcanic rocks or former oceanic crust [47] or lower crustal sources [48]) have been proposed. In contrast to Cornubian granites where greywackes are suggested as the main sedimentary protolith [2], mainly shales [3,4] have been assumed as the sedimentary source for granites in the Erzgebirge. Specifically, highly weathered Ordovician shales from the Frauenbach Group have been suggested [6]—because of their high K2O/Na2O ratios—as the most potential sedimentary source rock. The suggestion of a mix of two sources is mainly based on Sr- and Nd-isotope data from granitic bulk rocks that plot between Paleozoic sediments and more juvenile volcanic/volcanogenic clastic sediments from Saxothuringia [36]. However, the initial 87Sr/86Sr ratios calculated from bulk rock data from the evolved YIC granites are very questionable because they often resulted in too low and erroneous values (sometimes <0.7000) because of their extremely high Rb/Sr-ratios [36]. This was interpreted as evidence for a poly-stage evolution and the disturbance of the Rb-Sr system [36]. Li- and B-isotopes did not provide specific information as source tracers for the Variscan granites [47].




3. Samples and Analytical Methods


3.1. Samples


Samples were taken from the four largest plutons/suites of Variscan granites in the German part of the Erzgebirge: from the Aue-Schwarzenberg (ASB), the Bergen (BER), the Kirchberg (KIB), and the Eibenstock (EIB) granite. For each pluton/suite 4–18 samples are analyzed representing different textural varieties (Figure 1; Table 1). Several of these samples have been formerly analyzed by zircon U-Pb dating (LA-ICP-MS, SHRIMP, CA-ID-TIMS) [18]. Table 1 gives an overview of samples, their textures, and applied methods.




3.2. Bulk Rock Geochemistry


Major and trace element contents for whole-rock samples were analyzed at Activation Laboratories (Actlabs Canada; “4 Litho” research analytical protocol) by Fusion-ICP and Fusion-MS, respectively. Samples were fused with lithium metaborate/tetraborate and afterward diluted and analyzed by Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS. Three blanks and five controls (three before the sample group and two after) are analyzed per group of samples. Duplicates are fused and analyzed every 15 samples. The instrument is recalibrated every 40 samples. Reproducibility is better than 1% for major elements and better than 5% for trace elements based on analyses of certified standards.




3.3. Bulk Rock Nd Isotope Ratios


About 200 milligrams of powder from whole-rock were dissolved in 50% HF-12N HNO3, then attacked with 8N HNO3 and finally with 6N HCl. Samarium and neodymium were separated by ion-exchange resins. The isotope ratios were measured on a Finnigan MAT 262 spectrometer and the quoted errors are given at the 2σ level. Concentrations of Sm and Nd were obtained by isotope dilution. The 143Nd/144Nd ratios were normalized to 146Nd/144Nd = 0.7219 [49]. Sm-Nd model ages were calculated using the depleted mantle model (TDM) [49]. The mean value for 143Nd/144Nd of the standard JNdi was 0.512098 ± 0.000010 (n = 8).




3.4. Zircon Geochemistry: Hf Isotope Ratios, O Isotope Ratios, Trace Elements


Hafnium isotopes were measured on a Thermo-Finnigan Neptune multi-collector ICP-MS coupled to a Resonetics 193nm ArF excimer laser (CompexPro 102, Coherent) system at Goethe-University Frankfurt (GUF) [50]. Spots of 40 to 60 µm in diameter were drilled with a repetition rate of 5.5 Hz and an energy density of 5 J/cm2 during 55 s of data acquisition. All data were adjusted relative to the JMC475 standard (176Hf/177Hf = 0.282160) and quoted uncertainties are quadratic additions of the within run precision of each analysis and the reproducibility of JMC475 (2 SD = 0.0028%, n = 6). We verified the accuracy and external reproducibility by repeated analysis of two reference zircons, Temora and GJ-1. They yielded 176Hf/177Hf ratios of 0.282689 ± 0.000023 (2 SD, n = 11 for Temora), 0.282012 ± 0.000014 (2 SD, n = 8 for GJ-1). This is in perfect agreement with previously published results, e.g., [50,51] and with the LA-MC-ICPMS long-term average (2006–2012) of GJ-1 (0.282010 ± 0.000025; n > 800) reference zircon at GUF.



Zircon oxygen isotopes were measured with the Cameca IMS 1280 multicollector ion microprobe at the Swedish Museum of Natural History [52], utilizing a ~2 nA Cs+ primary ion beam together with a normal incidence low-energy electron gun for charge compensation, medium field magnification (~80x), and two Faraday detectors (channels L2 and H2) at a typical mass resolution of ~2500. Measurements were performed in pre-programmed chain analysis mode with automatic field aperture and entrance slit, centered on the 16O signal. The magnetic field was locked using NMR regulation for the entire analytical session. Each data-acquisition run comprised a 20 × 20 µm pre-sputter to remove the Au layer, followed by the centering steps, and 64 seconds of data integration performed using a non-rastered ~10 × 10 µm spot. In the measurement chain, every set of four unknowns was followed by two bracketing analyses on the 91500 standard zircon. A δ18O value of +9.86‰ (SMOW) [53] was assumed for the 91500 zircon in data normalization, and small linear-drift corrections were applied to each session. External reproducibility of ±0.3‰ (1 SD) based on measurements on the standards was propagated into the overall uncertainty for each analysis.



Measurements of trace elements, including Rare Earth Elements (REE) in selected zircon grains, were made on the CAMECA ims-4f ion microprobe at Yaroslavl Institute of Microelectronics and Informatics (Russian Academy of Science). Measurements of P, Ca, Ti, Y, Nb, Ba, REE, Hf, Th, U were made with a spot area of ~25 µm. Intensities were calibrated against 610 NIST basalt glass, and isobar interferences were corrected according to [54]. For REE analyses, overall uncertainties are better than 15%, and for other trace elements, better than 5%.





4. Results


4.1. Bulk Rock Geochemistry


Data are given in Table S1. Selected diagrams are presented in Figure 2. All plutons show wide variations in their concentrations that often form trend lines in Harker diagrams (Figure 2a) or against TiO2 (Figure 2b). In accordance with previously published data e.g., [1,3,4,5,32] SiO2 correlates negatively with MgO, Al2O3, TiO2, and CaO, V, Zr, Ba. The correlated decrease of MgO, TiO2, and CaO indicates combined fractionation of biotite with plagioclase. The observed trend in Ba-Sr-Rb diagrams (Figure 2c shows Ba vs. Sr) also reflects this combined fractionation of biotite with plagioclase. The rock texture (mainly the occurrence, abundance, and size of K-feldspar megacrysts) is related to element concentrations in bulk rocks as all porphyritic varieties plot at the low SiO2 end (Figure 2).



There are some differences between plutons, especially for KIB samples, that often have higher Th, REE, Zr concentrations, and lower FeO/MgO and A/CNK ratios. Based on these differences, KIB was classified as A-type granites [39]. KIB granites tend to lower A/CNK values and can be classified as high K calcalkaline granites. The F-rich EIB granites have a clearly different chemical composition compared to all OIC in accordance with previously published data: e.g., high F, Rb, Cs, low Ba, Sr, TiO2 concentrations (Figure 2) [1,3,4,5,32].



We have calculated temperatures from bulk rock data according to two published approaches. Inherited zircons are extremely scarce [18] and this allows us to calculate zircon saturation temperatures as indications for melt temperatures [55]. The mean zircon saturation temperatures are 735 °C for BER and EIB, 760 °C for ASB, and 800 °C for KIB (Table S1). In addition, we have applied the Al2O3/TiO2 thermometer for bulk rock data [56] and obtained the highest mean melt temperatures (~880 °C) for KIB, followed by ASB (~850 °C), BER (~790 °C) while EIB granites yielded the lowest calculated temperatures for (~740 °C; Table S1).



Sm and Nd isotope data of bulk rocks are presented in Table 2. All samples yielded epsilon Nd values in a narrow range from −3.0 to −5.6 consistent with previously published data [4,5].




4.2. Zircon Geochemistry


Oxygen and Hf isotope ratios are given in the Table S2. The Hf and O isotope values are very similar for all samples and vary in a limited range (epsilon Hf from −3.9 to +2.4; Hf model ages (calculated according [57]) mainly between 1.3–1.2 Ga; δ18O mainly between 6.0–9.0‰; with slightly higher scatter for EIB, especially for zircons/zircon rims with black CL). Zircon trace element data for two selected samples from EIB are presented in Table 3 (EIB 612, EIB 719).





5. Discussion


5.1. Identification of Source Rocks


The identification of source rock/s for highly evolved granites (that might be additionally overprinted by hydrothermal fluids) is a challenging task. Bulk rock geochemistry, as well as zircons (isotope composition and chemistry), have been used to infer on possible source/s. Here we use zircon for this discussion because it is an early crystallizing mineral in S-type granites and very robust against late-stage (e.g., hydrothermal) overprints. In contrast to bulk rock chemistry, 176Hf/177Hf isotope ratios in zircons are not affected by fractionation processes and hence represent the melt composition [59]. Melt production always results in increased Hf-isotope compositions in newly formed zircons compared to the source [59]. For our samples, all Hf isotope analyses show a remarkable homogeneity in their epsilon values (Table S2, Figure 3: most values between −3 to 0; zircons from EIB show a slightly larger scatter). This is in stark contrast to all sedimentary rocks from the Cadomian basement of Saxothuringia [60], and specifically to basement rocks from the Erzgebirge (Figure 3). Complete homogenization of zircons’ Hf isotope ratios requires high degree melting and complete dissolution of former zircon grains [61]. This is rarely achieved in low-temperature (700–800 °C) S-type peraluminous granites that usually do not reach zircon saturation temperatures and, therefore, typically have abundant inherited zircons [55,61]. Based on the 176Hf/177Hf and 176Lu/177Hf data, meta-greywackes from the Cadomian basement (showing a large spread in Hf isotope composition) can be excluded as potential source rocks for the Variscan granites from the Western Erzgebirge (Figure 3).



Granitic zircons have very low Lu-Hf ratios (<0.001), often lower than common pre-Devonian basement rocks but similar to metamorphic zircons in amphibolite- and granulite-facies low degree melts (Figure 3, [17]). In addition, the Hf model ages from all granitic zircons are very homogeneous (1.3–1.2 Ga). Again, this is quite different to Cadomian basement rocks from the Erzgebirge [17]: grey meta-sedimentary Neo-Proterozoic gneisses: 3.7–1.0 Ga; red Ordovician gneisses: 1.6–1.0 Ga) and in general for Neo-Proterozoic-Cambrian basement rocks of Saxothuringia [60]: Late Neoproterozoic greywackes and quartzites: 4.3–0.8 Ga; Early Cambrian granites: 1.5–1.0 Ga). The newly formed high uranium zircons/zircon rims in granulite-facies melts have similar homogeneous model ages (1.3–1.2 Ga) but lower εHf values (from −7 to −4, [17]). Comparatively, zircons from metamorphic small scale melts in amphibolite-facies red gneisses yielded a slightly larger scatter (most model ages between 1.3–1.0 Ga but several cores with 1.5–1.9 Ga; εHf mostly between −6 and 0, and a few cores with values from −19 to −11 [17]). In general, all four granite suites display a very similar pattern in the Hf-O-isotope diagram (Figure 4). The relatively low and homogeneous δ18O values (mainly within 6.0–8.5‰) exclude sediments (e.g., shales) as main source rocks that display typical values ≥14‰ (specifically, Ordovician shales have typical δ18O values between 12 and 20‰; [62]).



The CaO/Na2O ratio of bulk rocks was used to infer source rock composition [56]: low CaO/Na2O ratios (<0.3) indicate pelitic (plagioclase free) sources but not greywackes (CaO/Na2O = 0.3–1.5) or meta-igneous rocks (CaO/Na2O = 0.3–1.5). Almost all of our samples have low CaO/Na2O ratios (≤0.3; Table 2). In addition to pelites and shales, garnet- and muscovite bearing restites left behind after granulite-facies melting have low CaO/Na2O ratios (<0.47) because they are poor in plagioclase, but have high Al2O3 (15–20 wt%) and K2O contents (4.5–5.0 wt%; [17]). These rocks correspond to assemblage 3a according to Willner et al. [11] and are one of the three most common peak PT assemblages of (U)HP gneisses from the central Erzgebirge [11,63]. Among these gneisses, they recorded the highest water activities at maximum PT conditions [11]. In addition, they experienced retrograde recrystallization of kyanite to muscovite that was probably accompanied by fluid flow [11,63]. Therefore, its unusual chemical composition (low Ca, high K, [11,63]) can partly be explained by the high water activity at maximum PT and fluid overprint at the retrograde metamorphic path (P = 1.5–1.8 GPa, T = 750 °C; [63]). Therefore, also from the low CaO/Na2O ratios, these rocks fit as a feasible and fertile source for the Variscan granites.



Compared to typical S-type granites, xenocrystic zircon ages are remarkably scarce in the investigated samples (<5%). Figure 5 shows a compilation of published xenocrystic ages from various zircon dating methods (data from [18,64]). The largest age peak corresponds to 360–340 Ma pointing to metamorphic rocks as the main protoliths for these Variscan granites (Figure 5).



Bulk rock Nd model ages from ASB, BER, and KIB vary from 1.3–1.1 Ga and are consistent with Hf model ages from zircons (except one sample where Nd concentrations are <10 ppm and consequently 147Sm/144Nd ratios are >0.15; sample BER 790; Table 2). These Nd model ages are considerably younger than those of Cadomian basement rocks from Saxothuringia while their εNd values are slightly higher (Figure 6; [8,14,65]: grey gneisses = 1.8–1.6 Ga, Ordovician red gneisses: 1.6–1.5 Ga). No Nd isotope data were published for Paleozoic sedimentary rocks (shales, arkoses) from Saxothuringia. Cambro-Ordovician shales and pelites from other regions of the Variscan belt (Iberia, French Massif Central) have typical Nd model ages between 1.8 and 1.4 Ga [66,67,68] that are distinctly older compared to analyzed granites. Unfortunately, no Nd model ages were published for zircons from granulite-facies rock in the Erzgebirge, but their Hf model ages are 1.3–1.2 Ga (see discussion above). Samples from EIB show a tendency towards higher Nd model ages. At least for the greisen sample (EIB 612), the high model age resulted from very low Nd concentrations and related high 147Sm/144Nd ratios that could be caused by the strong hydrothermal overprint.



Collectively, Hf and O isotope data from zircons, scarce xenocrystic zircon ages as well as Nd bulk rock model ages record a source that is more homogenized than all known low-grade metamorphic Cadomian basement rocks from Saxothuringia. Consequently, pure sediments and most meta-sedimentary and meta-igneous host rocks from the Cadomian basement can be excluded as major sources. Contrary, high-grade metamorphic amphibolite- and granulite-facies gneisses are the most likely sources for Variscan granites in the Western Erzgebirge based on their zircon data (Hf and O isotopes, xenocrystic ages). The Hf data from zircons as well as the Nd data from whole rocks do not support a substantial mantle input for these S-type granites after metamorphic homogenization.




5.2. Fractional Crystallization and Mixing


Granites often show large and correlated variations in element concentrations. Most authors interpret such trends as fractional crystallization, e.g., [2,4,69,70]. The combined decrease of MgO, TiO2, and CaO (compare Section 4.1) indicates a correlated fractionation of biotite and plagioclase that explains the trend in Figure 2c. In addition, element concentrations vary depending on their structure: samples with large K-feldspar phenoycrysts (that can make up ~15% of rocks) plot at the undifferentiated end (lower SiO2 contents) while fine-grained varieties without phenocrysts plot at the opposite “fractionated” end of such trend lines (Figure 2). Trend lines imply K-feldspar loss due to fractional crystallization (in addition to the combined fractionation of biotite and plagioclase) in the fine-grained evolved granites (Figure 2c). Alternatively, variations in element concentrations can be explained by mixing. We prefer the interpretation of [40] where phenocrysts comprise early crystallization products and the fine- to medium-grained matrix represents the late-stage crystallized melt. Then, this mixing is responsible for the correlated variations in element concentrations (Figure 2). Accordingly, [71] used the term “phenocryst unmixing” and demonstrated that this process results in linear trends on Harker diagrams.



The Ti content of bulk rocks was often used as an indicator for fractional crystallization, e.g., [4]: lower Ti concentrations correspond to higher degrees of fractionation. On the other hand, Ti was used as a temperature indicator, e.g., [56]: using Al2O3/TiO2). Strong positive inter-correlations between Ti, Zr, and Si were shown to be typical for all S-type granites [72,73]. In addition, Ba is strongly positively correlated with Zr in S-type granites (compare the good correlation of Ba with TiO2 in Figure 2b, but Ba correlates also with SiO2, Zr, Rb, and Sr in our samples–not shown). In contrast, most I-type granites show a random scatter between Ba and Zr contents [73]. During melting Ba partitions into melt as biotite and feldspars break down. In [73], higher Ba concentrations from a given source were explained as resulting from a higher melting degree (corresponding to higher melting temperatures) and different slopes in Ba-Zr diagrams for various granite plutons as reflecting diverging Ba contents in their sources. Accordingly, coarse-grained porphyritic granitic varieties from ASB and KIB would indicate the highest melt degrees and melting temperatures for our samples (Figure 2d).



Several approaches exist to calculate melt temperatures. The granite samples from KIB show a good correlation between the Ba content and the calculated zircon saturation temperature (Figure 2d). They record a temperature variation of ~80 °C (830–750 °C) within the KIB pluton. A similar relationship is displayed by all porphyritic varieties from ASB while their fine-grained rock types without K-feldspar phenocrysts do not show a correlation of Ba contents with zircon saturation temperatures (Figure 2d). There is no inter-correlation between Ba contents and calculated zircon saturation temperatures for EIB samples (Figure 2d). Figure 7 compares melt temperatures obtained from various approaches. Accordingly, KIB granites tend to the highest temperatures followed by ASB. The latest intrusion (EIB) yielded similar or even lower temperatures compared to earlier plutons (ASB, BER, KIB).



Summarizing, we interpret the observed element correlations, at least for the early intrusions (OIC: ASB, BER, KIB: SiO2 correlates negatively with MgO, Al2O3, TiO2, and CaO, V, Zr, Ba—described also in previous publications), mainly as the result of “phenocryst unmixing” (Kfs, Plg, Bt) that may be also related to melt temperatures (porphyritic varieties may have higher melting degrees and melting temperatures).



In contrast to elements, isotope ratios (of the same element) are not affected by fractional crystallization and should sensitively unravel the mixing of different sources. We stated earlier that both Hf and O isotope ratios of zircons are more homogeneous than most pre-Devonian basement rocks (Section 5.1). However, there are subtle differences between plutons: ASB and KIB have the lowest mean δ18O values followed by BER and then by EIB (Figure 8a). The corresponding whole- rocks (calculated according to [77]) display δ18O values between 8.5–9.0‰ for ASB and KIB, 9.0–9.5‰ for BER, and 9.5–10.0‰ for EIB (Figure 8b), indicating a slightly higher input of crustal (sedimentary?) sources for the later intrusions (BER, EIB). Using the classical definition for I- and S-type granites [78] both the δ18O values and the 87Sr/86Sri ratios indicate rather an I-type or an intermediate I/S-type source for KIB and for the northern part of ASB (ASB1 in Figure 6). The higher crustal influence for BER and EIB, however, is not adequately recorded by lower Nd isotopes and Hf isotopes. Only for EIB samples, higher Sr isotope ratios are in line with the highest δ18O values of zircons. In addition to the described differences in δ18O values between plutons, KIB samples have lower epsilon Hf values compared to those from ASB (Figure 8a). All these differences in isotope ratios indicate diversities in the protoliths between the four plutons but also between samples from the same pluton. The three samples from KIB define a trend line from porphyritic to fine-grained granites with increasing mean δ18O values that might be interpreted as an evolution line (Figure 8b). However, samples from ASB, BER, and EIB do not display such trends. Note, that all samples display large within-sample-variations both for epsilon Hf and δ18O values (Figure 8a) that should also indicate some changes in sources or mixing processes.




5.3. Effect of Greisenization on Geochemistry


5.3.1. Bulk Rock Geochemistry


Different greisenization types have been described in the Erzgebirge/Krušné Hory that enriched several elements to various degrees (e.g., [3,28]: Sn, W, Ta, Nb, F, Bi). Greisen formation has been related to various processes like late magmatic, post-magmatic, or hydrothermal element mobilization, e.g., [3,28].



We analyzed two greisen samples from the EIB pluton (EIB 612, EIB 713). The thin section of sample EIB 612 was investigated in detail by optical microscopy combined with cathodoluminescence [18]. Figure 14 in [18] showed typical replacement textures of this greisen sample: all feldspars were replaced by a fine-grained intergrowth of fluorite, Li-mica, cassiterite, and apatite.



Both greisen samples have considerably lower Na2O contents compared to hosting granite samples (0.1–0.2 wt% compared to 2–3 wt%), while the SiO2 content is higher only for one sample (EIB 713: ~83 wt%). In addition, both samples have relatively high contents of F, Rb, Cs and low contents of Ba, Sr, TiO2, LREE that are comparable to some of the highly evolved fine-grained EIB granite samples. However, there is a clear enrichment in Sn (137 and 505 ppm compared to ≤42 ppm), W (29 and 49 ppm compared to ≤14 ppm), and Bi (1060 and 46 ppm compared to ≤17 ppm) compared to all other non-greisenized EIB samples. The observed changes (replacement textures with a formation of fluorite, geochemical enrichment/depletion) can best be explained by post-magmatic or hydrothermal element mobilization by a F-rich fluid that was able to enrich distinct ore elements (Sn, W, Bi) by a factor of ≥2–62.




5.3.2. Zircon Geochemistry


We measured trace elements within zircon grains from two samples from Eibenstock: the porphyritic sample EIB 719 and the greisen sample EIB 612 (Table 3). Zircons from the granite sample show typical oscillatory zoning in CL images [18] and typical REE pattern with positive Ce and negative Eu anomalies (Figure 9a). Many zircons from the greisen sample have thick black CL rims and inner core regions with oscillatory zoning (Figure 9b,c). The core regions show similar REE patterns compared to zircons from sample EIB 719 (Figure 9b) while the black CL zones are strongly enriched in LREE (Figure 9c). In addition, these rims are enriched in Ca, Sr, Ba, Y, Nb, Th, U, Hf and sometimes in Ti (leading then to too high calculated Ti-in-zircon temperatures; Table 3), and in common Pb [18]. Therefore, the greisenization led to considerable changes in the chemistry of black CL zircon rims, while the inner core regions preserved most primary magmatic information. Elements in CL black rims are often at least 10 times enriched but can reach enrichment factors of ~700 compared to CL zoned cores from the same zircon grain (Table 3) and require extremely high degrees of element mobilization. Such high enrichment factors cannot be achieved by a fractionated new melt batch but indicate an F-rich fluid that was able to dissolve high concentrations of chemically different elements.





5.4. Factors Necessary for Enrichment of Sn and W to Ore Concentrations


In literature, several factors like source enrichment of granitic melts, their temporal evolution up to highly evolved granites, and enrichment processes in hydrothermal fluids are discussed as important factors to enrich Sn and W up to ore levels. In the following, we discuss the impact of these processes.



5.4.1. Source Enrichment


Homogenized granulite- and amphibolite-facies metamorphic rocks are the most likely sources for the granites (compare Section 5.1). According to [17], grey gneisses (specifically the Neo-Proterozoic (~575 Ma) meta-greywackes) are suggested as the precursors of granulite-facies rocks. In Figure 10, we compare the bulk rock composition of basement rocks including granulite-facies melts and their restites to look for Sn and W enrichment processes. The grey gneisses are only slightly enriched in Sn and W (by a factor of 2) compared to the upper continental crust (UCC). Ordovician red gneisses display some higher enrichment (by a factor of 3–4) where some single rocks may have Sn enrichments of 6–9 times compared to UCC. Restite layers left behind after granulite-facies melting consists mainly of muscovite, quartz, and garnet and show the highest mean enrichment for Sn (by a factor of 6–7) with less enrichment for W (~3 times UCC). Layered granulitic gneisses are quite common in the central Erzgebirge especially in the (U)HP region [11,63]. The abundant muscovite crystals were formed at the retrograde path replacing kyanite (P = 1.5–1.8 GPa, T = 750 °C; [63]). The formation of muscovite took place at high water activities [11,63] and could lead to the enrichment of some incompatible elements in the mica. The metamorphic muscovite was dated by Ar-Ar yielding ~340–330 Ma [79]. Restite layers were interpreted as resulting from multiple melt extractions [17]. Although the melanocratic restite layers have Zr concentrations comparable to melt layers only tiny resorbed zircons could be found that often were enclosed in large garnet grains [17]. However, the restite layers contain abundant Fe-Ti-minerals (mainly rutile and ilmenite) along with large monazite grains [17]. Rutile from the (U)HP region of the Erzgebirge often contains extremely high Zr concentrations because of its high formation temperatures (~1000 °C; [80]). It has been repeatedly shown that various Fe-Ti-minerals (e.g., rutile, ilmenite, titanite) can contain very high concentrations of Sn ([81]: up to 15% in titanite; [82]: up to 1.7%; [83]: up to 600 ppm in rutile), and W ([82]: up to 9% in rutile; [83]: up to 1200 ppm in rutile). High Zr concentrations in rutile often correlate with high concentrations of other elements, e.g., Sn and W [83]. Therefore, we propose that rutile could concentrate both Sn and W due to the high temperature during (U)HP metamorphism that led to high enrichment of both elements in the restites (having higher abundances of rutile compared to melt rich layers). In addition, muscovite and garnet of the restite could be enriched as these minerals also can incorporate Sn and W to various degrees [84,85,86]. In summary, the source rocks were already enriched in Sn and W, but less than 10 times compared to UCC.




5.4.2. Enrichment During the Geochemical Evolution of Variscan Granites


For all granites from the OIC, Rb concentrations increase from porphyritic to more fractionated fine-grained melt enriched varieties. Together with Rb concentrations, also the Sn and W concentrations increase in OIC (Figure 11e,f). Accordingly, the mean enrichment factor increased during the evolution of OIC melts from a factor of 3 to about 12 for Sn, and from about 1 to 7 for W compared to UCC (some of the BER samples yielding the highest enrichments). The EIB granites intruded about 5 Ma later than the latest OIC intrusions [18]. All samples from EIB are enriched in Sn (by a mean factor of 12) and W (by a mean factor of 7 compared to UCC; some samples from BER show a similar enrichment; Figure 11e,f). Therefore, multiple melt production in the crust over a time span of about 9 Ma (from 323 to 314 Ma) lead to a substantial overall enrichment of Sn and W in the YIC (Figure 11a,b). For the EIB samples, increasing Rb concentrations (correlated with increasing F (Figure 11c) and Cs concentrations, slightly increasing Nb and Ta concentrations, and decreasing TiO2, Ba, Sr and REE concentrations) do not correlate with W (Figure 11f), i.e., magmatic fractionation within the EIB granite did not lead to further enrichment of W. Sn concentrations of EIB samples, however, seem to weakly increase with Rb concentrations and reach overall enrichment of ~15 times of UCC with few exceptions enriched up to ~40 times (Figure 11e). In addition, a few samples are exceptionally enriched in W up to ~18 times of UCC (Figure 11f).




5.4.3. The Role of Hydrothermal Processes for Enrichment


We analyzed only two greisen samples that represent a very restricted part of the whole variability of different greisen types in the Erzgebirge/Krušné Hory. One sample (EIB 612) was dated by both Rb-Sr and Ar-Ar methods yielding slightly different ages [18]. Nonetheless, from these dating results, the authors concluded that this greisen was formed either contemporaneous with magma intrusion or slightly later (8 Ma), but it belongs to the first period of magmatic activity [18]. Simple fluid unmixing directly from the melt would result in identical 87Sr/86Sri ratios of melt and unmixed fluid. The considerably higher 87Sr/86Sri ratio for the greisen sample EIB 612 (compared to other EIB samples) does not support a simple fluid-melt partitioning process. Therefore, we suggest a (slightly?) later hydrothermal process that led to greisenization. Both samples (EIB 612, EIB 713) clearly demonstrate that both Sn and W are highly enriched (Sn: 65 and 240 times, W: 15 and 26 times compared to UCC). Consequently, at least for this type of greisen, the hydrothermal processes are the most important step to ore level enrichment. Remarkably, the greisen samples have neither the highest F nor P concentrations (Figure 11c,d) although both elements may play an important role in the element mobilization processes. We suppose that the high enrichment in hydrothermal greisen fluids was possible due to a thick continental crust composed in large parts of Variscan granites (supported by several boreholes and the negative Bouguer anomaly; compare Section 2) that were already enriched in these elements.



In summary, there is an enrichment of both Sn and W with time in the source(s) of granitic melts, but the enrichment degree is relatively low (Figure 12). Our data do not support the suggestion that weathering related Sn and W enrichment of sedimentary rocks is an important control for granite hosted Sn (and W) ore formations [6]. The low δ18O together with relatively high Hf isotope data on zircons from granites contradict assumptions on the important role of intensely weathered shales as the most important source rock for Variscan granites [6,7]. Low temperature weathering always results in high δ18O values of such sediments with typical values >12‰ [62]. Specifically, δ18O values range from 12 to 24‰ in Cambro-Ordovician shales [62]. Instead of intense weathering, low Ca and Na together with high K concentrations were reached in restites by melting under granulite-facies conditions and subsequent retrograde metamorphic fluid overprint (Figure 10). Differently to the Cornubian Variscan Batholith, we can exclude (meta-) greywackes as the main source rocks [2] because of the relatively homogeneous Hf isotope data and their model ages. However, (meta-) greywackes could be the protolith for (ultra-) high-pressure granulites where local melting resulted in resorption of former zircons and homogenization of their Hf values [17].



There is a further Sn and W enrichment due to multiple melt production in the older igneous Variscan complex (OIC) during 323–318 Ma, but this enrichment is usually not higher than 12 times the UCC level (Figure 11 and Figure 12). Fractionation within EIB granites leads to additional overall Sn enrichment up ~15 times of UCC (Figure 11e), but for W this enrichment stays at ~7 times of UCC (Figure 11f). Therefore, we conclude that the role of fractional crystallization is very important but the enrichment degrees were often overestimated. The idea that multiple melt extraction at high- temperature results in strong Sn enrichment in late high-temperature melts [7] is not in line with our data where the latest melts (EIB) show a tendency towards lower temperatures. However, multiple melt productions were certainly important for a general Sn and W enrichment in the crust; the OIC and EIB granites document this process.



The largest Sn and W enrichment was achieved by hydrothermal fluids leading to greisen ore bodies (Figure 12). We agree that both the source composition and the Sn (and W) hosting mineral/s played an important role in their later mobilization [7]. In addition, the fluid composition determined what minerals were dissolved and what elements were transported. In the Western Erzgebirge, granites from the YIC are remarkably enriched in F (Figure 11d) and the formation of fluorite in the greisen sample documents a high fluorine activity in the greisen fluid.






6. Conclusions


The most feasible source rocks for the Variscan granites from the Western Erzgebirge are high-grade metamorphic (amphibolite- and granulite-facies) rocks. This conclusion is based on Hf and O isotope composition of zircons, the abundance of xenocrystic ages, and Nd model ages.



We interpret the trend lines in Harker diagrams (bulk rock geochemistry) as fractional crystallization (of biotite and plagioclase) combined with K-feldspar phenocryst unmixing. Porphyritic varieties may correspond to higher melt temperatures. We calculated melt temperatures that vary up to 80–150 °C within each pluton. Calculated temperature ranges overlap, but KIB granites tend to higher temperatures while the latest EIB granites tend towards lower temperatures. Hf and O isotopes on zircon reveal only subtle differences in granitic sources: EIB granites record a slightly higher crustal input.



In contrast to previously published suggestions [6,7], we can exclude a substantial role of intense sedimentary weathering as an important control factor for later Sn and W enrichment in granite related ores of the Western Erzgebirge due to the remarkable homogeneous Hf and low O isotopes in granitic zircons that are extremely distinct to all pre-Devonian basement rocks of Saxothuringia. We document a source enrichment from meta-sedimentary rocks (575 Ma) towards metamorphic rocks (340 Ma) were restites from granulite-facies melts are enriched 6–7 times in Sn compared to UCC. These rocks are also enriched in K, but depleted in Na and Ca, contain abundant muscovite, and are fertile for later melting. Further enrichment of Sn and W occurred during multiple melt production of the older igneous granites (323–318 Ma) leading finally to a general enrichment of Sn (15 times compared to UCC) in the tin granites. Multiple melt production did not lead to a very strong enrichment of ore metals in the granites but is probably very important for a general enrichment of Sn and W in the thick granite-rich crust of the Erzgebirge. Efficient leaching by hydrothermal fluids led to a very strong enrichment (up to several orders) of Sn and W in the greisen ore bodies.
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Figure 1. Geological map with sample locations in the Western Erzgebirge, Germany. (a) The inset shows the location of the study area within the Bohemian Massif. (b) The four largest plutons/suites of Variscan granites in the Western Erzgebirge/Krušné Hory are shown: Aue-Schwarzenberg (ASB), Bergen, (BER), Eibenstock (EIB), and Kirchberg (KIB). EIB belongs in the German part to granite group 2 while the three other plutons belong to granite group 1. (c) Classification of Variscan granites from the Erzgebirge according to different authors using distinct parameters, and assignment of analyzed granite plutons to these granite groups. (d) Intrusion periods of the four plutons determined by zircon U-Pb CA-ID-TIMS [18]. 
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Figure 2. Bulk rock geochemistry. (a) SiO2 versus TiO2, (b) TiO2 versus Ba, (c) Ba versus Sr, (d) Ba versus calculated zircon saturation temperature [55]. fg—fine/medium grained, p—porphyritic with large phenocrysts of K-feldspars (Kfs). 
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Figure 3. 176Lu/177Hf ratios versus 176Hf/177Hf ratios from the same spot locations of zircons from Variscan granites. (a) typical variation of potential host rocks [17], also shown in comparison to ASB (b), BER (c), KIB (d), and EIB (e): Neoproterozoic grey gneisses (meta-greywackes), Ordovician red orthogneisses (O-magmatites,) amphibolite-facies melts (af-melts), and granulite-facies melts (gf-melt; data from [17]). Measurements for zircons having black CL images are shown with a thick black rim of the corresponding sign. OIC—older intrusive complex, YIC—younger intrusive complex. The dashed line corresponds to a 176Hf/177Hf value of 0.2825 and is shown for better comparison. 
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Figure 4. 176Hf/177Hf ratios versus δ18O values from the same spot locations of zircons from Variscan granites. (a) typical variation of potential host rocks, also shown in comparison to ASB (b), BER (c), KIB (d), and EIB (e): Neoproterozoic grey gneisses (meta-greywackes), Ordovician red orthogneisses (O-magmatites,) amphibolite-facies melts (af-melts), and granulite-facies melts (gf-melt; data from [17]). Measurements for zircons having black CL images are shown with a thick black rim of the corresponding sign. OIC—older intrusive complex, YIC—younger intrusive complex. The dashed lines correspond to a 176Hf/177Hf value of 0.2825 and to a δ18O value of 6.5‰ and are shown for better comparison. 
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Figure 5. Compilation of xenocrystic ages (n = 23 from a database of ~520 measurements, [18,64]) from all analyzed samples from ASB, BER, KIB, and EIB. 
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Figure 6. 87Sr/86Sri versus epsilon Nd for bulk rocks. Literature data for granites: 1—[4], 2—[5]. ASB1 corresponds to samples from the Aue subgroup (northern biotite granites), ASB2 to samples from the Schwarzenberg subgroup (southern two-mica granites). Variations of basement host rocks from the Erzgebirge and Saxothuringia are shown as grey fields. Data from: 3—[36] for siliclastic sediments of Saxothuringia, [23]: eclogites, amphibolites I (amph I), amphibolites II (amph II), red and grey gneisses. 
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Figure 7. Calculated melt temperatures and their variations. Plutons have been arranged according to their intrusion sequence. Watson and Harrison (1983)—Zircon saturation temperatures according to [55]. Note that temperatures calculated according to [74] will be c. 50 °C higher. Jung and Pfänder (2007)—calculated according to [56]. Pupin (1980)—calculated according to [75] using zircon morphology (shown in [18]). Watson et al., (2006)—calculated according to [58] using Ti in zircon data from sample EIB 719 (activity was set to 1 for Ti.) Correction for lower Ti activity would result in higher temperatures [76]. OIC—Older intrusive complex, YIC—younger intrusive complex. 
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Figure 8. (a) Mean epsilon Hf versus mean δ18O values from zircons for each sample. In addition, the range of typical within sample variations of measurements for a single sample is shown. (b) SiO2 concentrations from whole rocks (as an indicator of differentiation, compare Figure 2) versus δ18O of whole rocks calculated from δ18O values of zircons according to [77]. p—porphyritic, fg—fine-grained; OIC—older intrusive complex, YIC—younger intrusive complex. 
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Figure 9. Chondrite normalized (according to [87]) REE pattern of spot measurements within zircon grains from two Eibenstock samples. (a) on CL oscillatory zoned zircons from the porphyritic sample EIB 719, (b) on CL oscillatory zoned zircon cores from the greisen sample EIB 612, (c) on dark CL zircon rims from the greisen sample EIB 612. In (b) and (c) examples of CL images for two zircon grains from EIB 612 and their spot locations are shown. 
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Figure 10. Geochemical signatures (spidergrams) of basement rocks normalized to the average concentration of the upper continental crust (UCC) after [88]. Diagrams show mean values and their typical variations. (a) grey gneisses represent Neo-Proterozoic meta-greywackes (~575 Ma) and Cambrian (~540 Ma) orthogneisses. Both rock types have very similar bulk rock geochemistry. Data are from [16]. (b) red gneisses represent unfractionated (b1) and highly fractionated (b2) Ordovician (500–480 Ma) orthogneisses. Data are from [16]. (c) granulite-facies melts (c1) and restites (c2). Data are from [17]. 
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Figure 11. Geochemical signatures of Variscan granites. (a) spidergram of samples from the Kirchberg granite—as a representative for OIC—normalized to the average concentration of the upper continental crust (UCC) after [88]. For comparison, the mean curve for restites of granulite-facies melts (c2 from Figure 10c) is shown. (b) spidergram of samples from the Eibenstock granite—as representing YIC—normalized to the average concentration of the upper continental crust (UCC) after [88]. For comparison, the mean curve for restites of granulite-facies melts (c2 from Figure 10c) is shown. In addition, the line for the greisen sample (EIB 612) is presented. (c) Rb versus F concentrations. (d) F versus P2O5 concentrations - discrimination diagram after [4] with different fields for low-F OIC granites and high-F EIB granites. Position in this diagram can be taken as evidence if samples belong either to OIC or YIC in the Western Erzgebirge. (e) Rb versus Sn concentrations. Value for the upper continental crust (UCC) from [88] = 2.1 ppm. (f) Rb versus W concentrations. Value for the upper continental crust (UCC) from [88] = 1.9 ppm. OIC—older intrusive complex, gr—greisen. 
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Figure 12. Sn enrichment (a) and W enrichment (b) in the crust of the Western Erzgebirge versus time. UCC after [88]. Stippled box for Ordovician orthogneisses corresponds to highly fractionated gneisses (compare b2 in Figure 10). 
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Table 1. Sample locations, description, and applied methods.
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Sample Name

	
Location Name

	
Latitude (N)

	
Longitude (E)

	
Rock Description

	
Bulk Rock Geochemistry

	
143Nd/144Nd Bulk Rock

	
87Sr/86Sr Bulk Rock *

	
δ18O of Zircon

	
176Hf/177Hf of Zircon

	
Trace Elements in Zircon






	
(a) granites from Aue-Schwarzenberg (ASB, Western Erzgebirge)

	




	
ASB 664

	
Niederpfannenstiel

	
12°43′20.01″

	
50°35′15.60″

	
Medium grained (granite Aue)

	
X

	

	

	

	

	




	
ASB 665

	
Aue

	
12°42′2.07″

	
50°35′40.02″

	
Medium grained porphyritic

	
X

	
X

	

	
X

	
X

	




	
ASB 666

	
Auerhammer

	
12°39′59.92″

	
50°35′32.00″

	
Coarse grained porphyritic

	
X

	
X

	
X

	
X

	
X

	




	
ASB 667

	
Schalenberg, Lauter

	
12°43′44.11″

	
50°33′53.24″

	
Fine grained (granite Lauter)

	
X

	

	

	

	

	




	
ASB 668

	
Lauter

	
12°44′7.70″

	
50°34′3.77″

	
Medium grained porphyritic

	
X

	
X

	

	
X

	
X

	




	
ASB 669

	
Lauterer Förstel

	
12°45′23.15″

	
50°33′15.38″

	
Fine grained (granite Neuwelt)

	
X

	

	

	

	

	




	
ASB 670

	
Schwarzenberg

	
12°47′0.49″

	
50°32′1.59″

	
Medium grained

	
X

	
X

	
X

	
X

	
X

	




	
(b) granites from the Bergen pluton (BER, Western Erzgebirge)

	




	
BER 788

	
quarry Streuberg

	
12°15′37.46″

	
50°28′13.11″

	
Coarse-grained porphyritic

	
X

	
X

	

	
X

	
X

	




	
BER 789

	
quarry NW Trieb

	
12°17′11.93″

	
50°29′18.27″

	
medium grained

	
X

	
X

	

	
X

	
X

	




	
BER 790

	
quarry SE Trieb

	
12°18′26.78″

	
50°28′41.18″

	
fine grained

	
X

	
X

	

	
X

	
X

	




	
BER 791

	
quarry Kuxenberghäuser

	
12°20′37.46″

	
50°31′45.30″

	
medium grained

	
X

	
X

	

	
X

	
X

	




	
(c) granites from the Kirchberg pluton (KIB, Western Erzgebirge)

	




	
KIB 768

	
Giegengrün

	
12°30′46.87″

	
50°35′22.50″

	
fine grained (slightly porphyritic)

	
X

	

	

	

	

	




	
KIB 770

	
Crinitzberg

	
12°30′35.93″

	
50°33′47.88″

	
coarse grained porphyritic

	
X

	

	

	

	

	




	
KIB 786

	
Obercrinitz

	
12°29′25.93″

	
50°33′59.35″

	
fine grained

	
X

	
X

	

	
X

	
X

	




	
KIB 794

	
Leutersbach

	
12°32′0.06″

	
50°36′28.20″

	
fine grained (slightly porphyritic)

	
X

	
X

	
X

	
X

	
X

	




	
KIB 796

	
E Saupersdorf

	
12°33′44.07″

	
50°36′48.75″

	
coarse grained porphyritic

	
X

	
X

	
X

	
X

	
X

	




	
KIB 837

	
Schelmberg

	
12°32′9.30″

	
50°38′22.83″

	
coarse grained porphyritic

	
X

	

	

	

	

	




	
KIB 839

	
SW Giegengrün

	
12°30′42.22″

	
50°34′52.75″

	
coarse grained porphyritic

	
X

	

	

	

	

	




	
(d) granites from the Eibenstock pluton (EIB, Western Erzgebirge)

	




	
EIB 612

	
Falkenstein

	
12°39′56.10″

	
50°32′12.65″

	
fine grained greisen

	
X

	
X

	
X

	
X

	
X

	
X




	
EIB 709

	
Kamelfelsen

	
12°37′23.18″

	
50°28′56.05″

	
coarse grained porphyritic (type Eibenstock)

	
X

	

	

	

	

	




	
EIB 710

	
Kamelfelsen

	
12°37′25.23″

	
50°28′57.66″

	
fine grained

	
X

	

	

	

	

	




	
EIB 712

	
Weiterswiese

	
12°35′54.99″

	
50°25′41.67″

	
medium grained granite (type Blauenthal)

	
X

	
X

	

	
X

	
X

	




	
EIB 713

	
Weiterswiese

	
12°35′54.99″

	
50°25′41.67″

	
fine grained greisen

	
X

	

	

	

	

	




	
EIB 714

	
quarry Seerbächel

	
12°34′24.89″

	
50°24′25.09″

	
medium grained porphyritic (type Walfischkopf)

	
X

	

	
X

	

	

	




	
EIB 718

	
Krinitzberg

	
12°34′4.82″

	
50°29′37.52″

	
fine grained porphyritic (type Krinitzberg)

	
X

	
X

	
X

	
X

	
X

	




	
EIB 719

	
Walfischkopf

	
12°33′30.57″

	
50°29′58.73″

	
fine grained porphyritic (type Walfischkopf)

	
X

	
X

	
X

	
X

	
X

	
X




	
EIB 551

	
Rabenberg

	
12°44′11.22″

	
50°28′11.11″

	
fine grained

	
X

	

	

	

	

	




	
EIB 552

	
Erlabrunn

	
12°43′30.24″

	
50°28′17.03″

	
coarse grained porphyritic (type Eibenstock)

	
X

	

	

	

	

	




	
EIB 576

	
Pechtute/Bockau

	
12°41′11.44″

	
50°31′22.66″

	
fine to medium grained porphyritic

	
X

	

	

	

	

	




	
EIB 711

	
Schöne Aussicht/Wildenthal

	
12°37′50.52″

	
50°26′25.73″

	
coarse grained porphyritic (type Eibenstock)

	
X

	

	

	

	

	




	
EIB 715

	
Blechhammer

	
12°33′49.70″

	
50°26′59.60″

	
fine grained

	
X

	

	

	

	

	




	
EIB 716

	
Tannenberg

	
12°33′28.72″

	
50°27′47.49″

	
medium grained granite (type Blauenthal)

	
X

	

	

	

	

	




	
EIB 742

	
Schönheide

	
12°31′3.37″

	
50°28′26.19″

	
fine-grained

	
X

	

	

	

	

	




	
EIB 771

	
Steinberg

	
12°38′5.50″

	
50°32′28.12″

	
fine grained (slightly porphyritic)

	
X

	

	

	

	

	




	
EIB 772

	
Burkhardtsgrün

	
12°38′50.63″

	
50°32′22.53″

	
medium grained porphyritic (type Walfischkopf)

	
X

	

	

	

	

	




	
EIB 773

	
quarry Blauenthal

	
12°37′58.74″

	
50°31′0.45″

	
medium grained granite (type Blauenthal)

	
X

	

	

	

	

	








* according to [18].


media/file13.jpg
T (°C)
900

800+

700+

600

W et al (2006)

W & H (1983) | J & P (200 P (1980)

500

OIC:eASB eBER eKIB; YIC: o EIB






media/file4.png
TiO, (%)

TiO, (%)
S
- r (ppm)
«1B e
o
100-
10-
1 . 600 ; . .
10 100 1000 0 200 400 600 800
Ba (ppm) Ba (ppm)
legend: OIC: ASB BER KIB; YIC: EIB
this study ® ® ® -
data from [4] ° o o

® fine/medium grained (fg)

@ porphyritic (p; medium/coarse grained)

&

;T"Ei‘"






media/file18.png
sample/chondrite

sample/chondrite

sample/chondrite

1.20

10°

1.15
|

o
ionic radius (A)
1.00 0.95

10" +

a: EIB 719

La Ce PrNd
Eu

Sm Gd Dy Er Yb

Tb Ho Tm Lu
|

!

10"

10°

b EIB 612a: éores

9\60

Zrn 9

10°

La Ce PrNd Sm Gd Dy
T™h H Tm Lu

10° 1

1G°

C: EIB 612b: bIackC nms P

zm 1

La Ce PrNd
Eu

Sm Gd Dy Er Yb

Tb Ho Tm Lu





media/file21.jpg
101

) older granite: KIB
(<319 Ma)
LN e

n

b) younger granite:
tatema) 5

L
Cepb K Utas:
"RG Ba' T Nb Co Na Ra Eu i I i

Fe) 2

08/ €

04 L

o oot

T w0 s0 o s0 oo

Rb (ppm).

W

S0 (pom) .§“ o o)

120] @ f . o
“

)

w0l og 2 ) .

T S P e i

o—neteiFeF R, F TG

T o w0 70 0 fo oo 0 0 700 w0 100

Rb (ppm)

is study:
 Gata from [4]

Rb (ppm)

OIC: ASB BER KB, YIC: EIf|





media/file3.jpg
TiO, (%)

06,
a .
o
o2
o
5
0. S eom)
w0
0
P
0 W w7 ™ W w W
Ba pom) Ba (ppm)
legend: OC: ASB  BER vic: EB
s study . o o
dala from [4] . . f
© fine/medium grained (fg) ® porphyritic (p; medium/coarse grained)






media/file22.png
a) older granite: KIB

|
K

0.01

10+

L
n W

|
Cs Pb U La Sr CaSmGd Zr Ti ZnW Cs Pb K U aSrCaSmGd Zr Ti
Rb Ba Th Nb Ce NaNd Eu Yb Hf Sc Sn iz Rb Ba Th Nb Ce NaNd Eu Yb Hf Sc Sn
F (%) A PO, (%)
O wia
c : 5310
0.8
0.4- ]
0- ! ; | 0.01
100 300 500 700 900 1100 0.01 0.1 1
Rb (ppm) F (%)
505 ppm W( )
Sn (ppm) 9 Ppm
ga— 60
1201 € | f . on
| 401
80_ —_.:P. - gr.
' EIB o o 20
40- O\‘C (9] ' =] » \
| / B, B O O/‘tW
_ o [ — [ICC _ LEE
100 300 500 700 900 1100 100 300 500 700 1100
Rb (ppm) Rb (ppm)
OIC: ASB BER KIB; YIC: EIB
this study: b ® ® D

data from [4]





media/file19.jpg
10/2) arey gneisses (575 Ma + 540 Ma)

B Low o Emw T

10.€) granulite-facies rocks (c. 340 Ma)
melt (c1) and restite (c2)

Lo Ew T






media/file7.jpg
om0 o2z | oama  ozms
HTHE

5
0222 oams | o  ozz ozt oz
. P






media/file10.png
number

all measurements (SIMS, evaporation)

7. CA-ID-TIMS
6_

-

5 :

0

24

‘- ¢

k-

©

3- ©
2..
14

| 1 I ]’ I 1 1 1 | I 1 I I | | | | | | | | I | | | I | |

300 350 400 450 500 550 600

age (Ma)





media/file14.png
T(C)

900+

800+

B BT

700-

600

bulk rock

W & H (1983) | J & P (2007

)

zircon

P (1980)

W et al (2006)

500

|OIC:#ASB ©BER eKIB; YIC: n EIB|






media/file11.jpg
+10-

Variscan granites from the Western
Erzgebirge
eliterature data
this study:

®ASB BER ®KIB DEIB
LI )

eNd-range

stfsr

0715
EB612

siliclastic sediments of Saxothuringia®





media/file6.png
0.281-

[ R
0.00001 0.0001 ,0.001

egHf

gHf

0.01
176Lu/17?Hf
0.283 " 0.283
b: ASB c: BER
- T
- = ] S 10
3 S “.
0.282 . . 0.282 , .
0.00001 0.0001 0.001 0.01 0.00001 0.0001 0.001 0.0
1?6Lu/177Hf 176Lu/177Hf
0.283 0.283
d: KIB e: EIB
=
=
0.282 | | 0.28710 blacleL| |
0.00001 0.0001 0.001 0.01 0.00001 0.0001 0.001 0.01
175Lu/177Hf 1?6Lu/177Hf

OIC:eASB eBER eKIB; YIC: o EIB






media/file15.jpg
50 WR (%)

100 b L
= .
ycal o
Vinin
vanaion .
% @ 9.0 4" e s
KB @asg
© ©°
30 25 20 -5 -0 05 & 7
epsion Hi

oIC:

76





nav.xhtml


  minerals-09-00769


  
    		
      minerals-09-00769
    


  




  





media/file16.png
8"°0 zrn (%o)

8.0 2 _

— error of

singliz
] measurements

sample
variation

-3.0

-2.0

|
-1.5

epsilon Hf

5"°0 WR (%o)

10.04 b

A

typical
4 | within
sample
variation

9.0 4

|OIC: ®ASB eBER eKIB; YIC: o EIB|






media/file2.png
5_1 °N

49°N

12°E ___16°E

& ‘(DQ g/
Fig 1;@@'“ £s /4 12°40'E

KIB 837

ASB 665

Aue ASB 668

ASB 664

12°20'E 12°40'E
granite group 1 granite group 2 @ samples
+  fine-grained | x| fine-grained N fault

|+ medium-grained | x| medium-grained

I coarse-grained, porphyritic| I coarse-grained, porphyritic

.~-r dykes and veins of
“  lamprophyre, rhyo-
lite, and microgranite

granite group 2

Reference

,Erzgebirgsgranite”
highly mineralized granite (Sn, W) Lallgeleat) [25]
Younger Intrusive Lange et al.
Complex (YIC) (1972) [30]
high-F, high-F, high-F,
high-P, low-P, low-P, Forster
Li-mica | Li-mica biotite (1998) [31]
granite granite granite
EIB analyzed granites

d N NN

325 320 315

EIB
| |

Ma

50°40'N

50°30'N





media/file20.png
a) grey gneisses (575 Ma + 540 Ma)

1045 S TR R R S S R
Sn
Ba La Na Eu Yb Ti

O
-

1 [T PN FRPRPE SN SR W WP SR
00 [ Y A
] Cs Pb K UlLa SrCaSmGd Zr Ti Zn W

Rb Ba Th Nb Ce NaNd Eu Yb Hf Sc Sn

1

b) red gneisses (c. 490 Ma)

0.01

" Cs Pb K ULa Sr CaSmGd Zr Ti
Rb Ba Th Nb Ce NaNd Eu Yb Hf Sc Sn

Zn W

Na

Eu Yb Ti

&)

Cs Pb K U La Sr CaSmGd Zr Ti
Rb Ba Th Nb Ce NaNd Eu Yb Hf Sc Sn

n W





media/file23.jpg
=
¢asow pue 2 a0 pue
XQvZ - 69 :osIRI6 wm X9 - G {uasiaib L:
o AL on
D10 —— 10 =
o [r—
s o Gon s Gt By
Pt Pt
3 8 - &
o » <
B £ o
£ ] £
s £ 5
£ (sos51008 pas) 5 4 (sass1008 poi)
B coomioiovotond i S
i ) 5
c
5 Uls® = O
2 g z
© o
(sossmi o) (snsom o)
‘sossiouboyuo veuqueo [ ‘sessiouBouuo veuquey [
(sass12uB Aaib) (sassioub Aai)
sooauiais s svmmmesgoon 0 soponissamsameioon U]
s
Tt 8 T
& g 8 & m 8
sopep s 9 ooy uewpue S

500 400 300 Ma

600

‘ages of rocks





media/file5.jpg
0.28:

0282

0281

0283
b: ASB il
& =
£ £
s ]
H £
0.282- 0.282-
000001 00001 0001 001 000001 00001 0001 001
AR 09 9
0.283- 0.283 -
d:KIB e:EIB
= z o
£ % 3
£ £
0.282- 0.282-

000001 00001 0001 001 000001 00001 0001 001
L HE L HE






media/file24.png
Jalow pue
X0tz - 69 :uesialb

4+—

OIA

a) Sn enrichment

010 4=

wsiydiowelaw
saloe} -a)inuelb Buunp
Bunew wody a)ysal

1

(sessiaub pau)
sassiauboyuo ueIAopIQ

(sassiaub Aalb)
sossiouboylo ueuquen)

(sassiaub Aaib)
soyoemAalb-elaw 210Z018]1014-08N

[]
[]

20x -

|
X
S
h
10)08J JUBLIYOLIUS

UCC

500 400 300 Ma

600

ages of rocks

;8low pue
X9Z - G| :uasialb —
e

b) W enrichment

JIA
O10

|

wsiydiowejaw
soloe) -a)ljnuelb Buunp
Bunjew woJ} ayysal

(sassiaub pal)
S9SSIaUBOYLIO UBIDIAOPIO

(sessiaub Aalb)
sassiauboyyo ueuqued ||

[]

(sessiaub Aa.b)
soyoemialb-elow 010z018)014-08N

20x

I b

!
X
o
—

10)oBj JUBWIYDLIUS

UCC

500 400 300 Ma

600

ages of rocks





media/file1.jpg
R —

)
| o »mtié\a HA
61:4?7..;%?2&‘
b g i Q‘”sx
Ao 5 tomm £ m,@ x v
\-,u/. .
12730E. 12408
e
T, e [
e, [mves, DS

e

oo
ok oy

T P pvoey
pr— o rop—
scarcely mineraized granite _[nighly mineralized granite (Sn. W) LinaidLc)
e e omerste Lanpn ot
Gomylr " | el i) G
B,
B Y Y FrrT
e | [seReks &
o
a0 LI

25





media/file12.png
il
Variscan granites from the Western
- Erzgebirge
@ |iterature data
+6- this study:
5 ®ASB BER @ KIB CIEIB
-~ ¢ ¢ & ¢Nd-range
=
N 87 86
o Sr/”Sr
Qo 0 | | | |
I I I | I
0.715
T EIB 612
1>
_4_
B
8 YIC

siliclastic sediments of Saxothuringia’






media/file9.jpg
number

all measurements (SIMS, evaporation)
CA-ID-TIMS

relative probability

T
400 450 500 550 600
age (Ma)






media/file0.png





media/file8.png
10 I .
1a: basement .
\@ |
%
%
5 I | | | II
0.2820 0.2822 0.2824 0.2826
176Hf/177Hf
10 , 10 .
1b: ASB | {c: BER e
- . -
B : £
7 ©7-
B - -
5 [ 5 |
0.2822 0.2824 0.2826 0.2822