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The significance of galena Pb model ages and the formation of large Pb-Zn sedimentary deposits

In an attempt to clarify the significance of Pb model ages in Pb-Zn sedimentary deposits, we report high-precision Pb isotopic compositions for 64 galenas and 52 K-feldspars, the former from ores and the latter separated from granites. All samples are from Spain and the French Pyrenees. Lead from galena ores is of unequivocal continental origin. With few exceptions, Pb model ages systematically exceed emplacement ages by up to 400 Ma, a gap which is well outside the uncertainties of ~30 Ma assigned to the model. The histogram of the new high-precision Pb isotope data shows prominent peaks of galena Pb model ages at 94±38 Ma and 392±39 Ma. When the data are consolidated with literature data and examined in 3-dimensional Pb isotope space, cluster analysis identifies five groups. The model ages of the peaks occur, in order of decreasing peak intensity, at 395±40 (Middle Devonian), 90±34 Ma (Middle Cretaceous), and 613±42 Ma (Neoproterozoic), with two minor peaks at 185+26 Ma (Jurassic) and 313±41 (Upper Carboniferous). To a large extent, the model ages centered around these peaks correspond to distinct localities. The ages of the peaks do not coincide with any of the Betic, Variscan, or Pan-African tectonic events, which are the main tectonic episodes that shaped Iberian geology, but rather match well-known global oceanic anoxic events. It is argued that surges of metals weathered from continental surfaces scorched during anoxic events accumulated and combined in anoxic water masses with unoxidized marine sulfide released by submarine hydrothermal activity to precipitate the primary Pb-Zn stock. Frozen Pb isotope compositions require that galenas from black shales are the source of the final ores. The Revised manuscript with no changes marked Click here to view linked References sulfides were later remobilized by large-scale convective circulation of basinal and hydrothermal fluids. The peaks of K-feldspar Pb model ages are distinct from those of galenas and do not correlate with magmatic emplacement ages. It is suggested that they instead reflect local circulation in Paleozoic sediments surrounding individual plutons. While Pb

isotopes can be used as a regional provenance tool, such an approach requires that the data are considered in a fully 3-dimensional space.

Introduction

 [START_REF] Stanton | Anomalous leads and the emplacement of lead sulfide ores[END_REF]were the first to point out that the Pb isotope compositions of some 'conformable' strata-bound Pb-Zn 0-3.1 Ga old ore deposits could be accounted for by a singlestage growth curve from the formation of the Earth to the known emplacement age of the ores. [START_REF] Oversby | New look at the lead isotope growth curve[END_REF], however, reviewed the data existing at the time and concluded that a singlestage closed-system evolution model was untenable. Using the concept of frozen lead, i.e. the isotope composition of Pb locked into minerals with very low parent/daughter ratios, such as galena in sulfide ores and K-feldspars, at the time of their formation, this issue received two initially successful answers. One model uses a fit of conformable galena data with a two-stage model in which the second stage starts at 3.8 Ga [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF], while another model uses a fit by a growth curve with a linear change in mantle U/Pb [START_REF] Cumming | Ore lead isotope ratios in a continuously changing earth[END_REF], which is inconsistent with the evidence of constant U/Pb as demonstrated later by Albarède and Juteau (1984) . The determination of Pb isotope compositions of K-feldspars from the 3.59 Ga old Amîtsoq gneisses in Greenland likewise led [START_REF] Gancarz | Initial Pb of the Amîtsoq gneiss, West Greenland, and implications for the age of the Earth[END_REF] to support a two-stage model. This model was strongly reinforced by evidence that, when the 238 U- 206 Pb and 235 U- 207 Pb chronometers are considered one by one, the derived model 238 U/ 204 Pb () values remain constant and are mutually consistent (Albarède and Juteau, 1984). The misfit between the different models should not, however, be overemphasized. A model age is defined as an apparent age calculated from measured isotopic abundances using simple assumptions, typically closed-system behavior over one or two stages. The model ages calculated for a particular conformable galena from all the models discussed above and their deviation from the respective emplacement ages agree in most cases to within ~30 Ma.

Conformable ores, however, only represent a small fraction of strata-bound Pb-Zn deposits.

Typically, major sedimentary exhalative deposits (SedEx) are syngenetic, i.e. formed at the time of sedimentation or early diagenesis, while Mississipi Valley-Type (MVT) deposits are epigenetic, i.e. formed significantly after the deposition of their host rock [START_REF] Wilkinson | Sediment-Hosted Zinc-Lead Mineralization[END_REF]. Leach et al. (2005, Appendix D) pointed out that the model ages of seven out of nine major SedEx deposits are slightly to much older than their host rock ages. Metalliferous sediments from the Atlantis II Deep in the Red Sea, which are considered an active equivalent of SedEx deposits, derive their lead from underlying sediments, not from basalts [START_REF] Dupré | Metal remobilization at a spreading centre studied using lead isotopes[END_REF].

Leaching of Proterozoic lead from the basement is also the interpretation adopted for the MVT deposits of the Phanerozoic Mississipi Valley ores [START_REF] Doe | Source of Lead in Southeast Missouri Galena Ores[END_REF][START_REF] Goldhaber | Lead and sulfur isotope investigation of Paleozoic sedimentary rocks from the southern Midcontinent of the United States; implications for paleohydrology and ore genesis of the Southeast Missouri lead belts[END_REF][START_REF] Heyl | Isotopic evidence for the origin of Mississippi valley-type mineral deposits: a review[END_REF][START_REF] Paradis | Mississippi Valley-type lead-zinc deposits[END_REF]. It has been suggested that SedEx deposits of the Phanerozoic reflect periods of global ocean anoxia [START_REF] Goodfellow | Geology, genesis and exploration of SEDEX deposits, with emphasis on the Selwyn basin, Canada. Attrib. Models Some Major Depos[END_REF][START_REF] Goodfellow | Anoxic stratified oceans as a source of sulphur in sediment-hosted stratiform ZnPb deposits (Selwyn Basin, Yukon, Canada)[END_REF][START_REF] Goodfellow | Geology and genesis of stratiform sedimenthosted (SEDEX) zinc-lead-silver sulphide deposits[END_REF]. The discordance between 'frozen' model ages and host rock ages means that ore deposits did not form directly from a crustal source in a single stage, implying that a separate stage of Pb-Zn preconcentration is a pre-requisite for Pb-Zn ore genesis, regardless of the ore type and the environment involved.

Understanding large ore deposits therefore requires to dissociate the primary segregation of the mined metals and the mechanisms by which these metals were transported to their current locations. Of course, a simple two-step representation of ore genesis does not do justice to the idiosyncrasies of the mechanisms of ore deposition either. A two-step approach can, however, be efficiently modeled and robustly tested by the U-Th-Pb system which is only determined by two parameters, radiogenic ingrowth and U/Th/Pb fractionation events. The long-lived Pbbased chronometers uses the rapidly changing proportions of the three isotopes 206 Pb, 207 Pb, and 208 Pb upon radioactive decay of their parent elements U and Th.

The present work is mostly about what Pb model ages of galena and K-feldspar tell us about the formation age and genetic environment of these minerals Although many model ages seem compatible with geological evidence within the often generally large uncertainties on ore ages, it is not always possible to assess a priori if a particular set of Pb isotope data is revealing the genesis of the Pb carrier or the precise timing of its emplacement. These uncertainties have direct implications on the field of archeology, which uses Pb isotopes for provenancing. For decades, comparison of Pb isotope ratios measured on coins and other artefacts with Pb isotope ratios measured on ores has been used to constrain the provenance of the metals used for producing the objects in question [START_REF] Stos-Gale | Metal provenancing using isotopes and the Oxford archaeological lead isotope database (OXALID)[END_REF]. Model ages (Tm) and their associated parameters ( and ), also derived from measured Pb isotope ratios, allow the blind comparison of abstract Pb isotope compositions of ores and artefacts to be replaced by meaningful geologically identifiable environments [START_REF] Albarède | A geological perspective on the use of Pb isotopes in archaeometry[END_REF].

In the present study, we use a large set of high-precision Pb isotope data from the Iberian Peninsula and adjacent regions, gathered initially to establish the provenance of metals used for silver artefacts and coins [START_REF] Albarède | A miner's perspective on Pb isotope provenances in the Western and Central Mediterranean[END_REF], to propose an improved geological interpretation of model ages for galena ores and granitic K-feldspars. The motivation behind this work is not to expand an already well-populated database of Pb isotopes on Iberian galenas and Kfeldspars, but to use a data set of uniform analytical quality to discuss how model ages can be interpreted. This new framework places Pb isotope data onto a geological background and in particular ties them to events of Pb-Zn ore formation.

What is a Pb model age?

A two-stage model of Pb isotope evolution can be summarized by the following equations: with

𝑥 𝑇 * = 𝑥 0 * -𝜇 * (𝑒 𝜆 238U 𝑇 * -1) 𝑦 𝑇 * = 𝑦 0 * - 𝜇 * 137.79 (𝑒 𝜆 235U 𝑇 * -1) 𝑧 𝑇 * = 𝑧 0 * -𝜇 * 𝜅 * (𝑒 𝜆 238U 𝑇 * -1)
In these equations, subscript 0 indicates ratios measured today, T * is the age at which the second stage began, and i is the decay constant of nuclide i. The asterisk represents parameters of the reference models discussed below. The two parameters µ=( 238 U/ 204 Pb)0 (or, short-hand, U/Pb) and =( 232 Th /238 U)0 (or, short-hand, Th/U) of the ore progenitor are time-invariant. This model assumes that apparent radiogenic ingrowth is brought to a halt at Tmod, which is a standard assumption for galenas (U/Pb ~ 0 resulting in 'frozen lead'). The U/Pb of other sulfides, such as sphalerite, pyrite, and chalcopyrite, also is low but not nearly as low as that of galenas. Kfeldspars contain significant amounts of initial lead but only little uranium, the latter of which resides mostly in cracks in the form of oxides and phosphates, which, together with ingrown radiogenic lead, can be efficiently removed by aggressive leaching [START_REF] Mcnamara | New Feldspar Lead Isotope and Trace Element Evidence from the Sudbury Igneous Complex Indicate a Complex Origin of Associated Ni-Cu-PGE Mineralization Involving Underlying Country Rocks[END_REF].

Each triplet (Tm,  ) corresponds to a triplet of isotopic ratios. The Tmod, ,  representation is nothing more than an alternative representation of the 3-dimensional Pb isotope space. Other ratios with a different normalization isotope (e.g. 206 Pb instead of the more standard 204 Pb) can be used, but the triplet (Tmod,  ) remains unchanged.

The values 𝑥 0 * , 𝑦 0 * , and 𝑧 0 * of the so-called modern lead may be obtained in different ways. [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] computed the intersection of isochrons from Archean terranes in the conventional plot 207 Pb/ 204 Pb vs 206 Pb/ 204 Pb and then refined T * using the Pb isotope composition and geological ages of 13 'conformable' galenas. One of the merits of this visionary work was to validate the relevance of the two-stage evolution models. Albarède and Juteau, (1984) took a different approach by considering the evolution of isotopic ratios independently for the 13 galenas listed by [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF], to which they further added the Pb isotopic composition of an Early Archean galena from Isua, Greenland [START_REF] Appel | Least radiogenic terrestrial lead from Isua, West Greenland[END_REF] [START_REF] Andersen | Uranium isotope fractionation[END_REF][START_REF] Goldmann | The uranium isotopic composition of the Earth and the Solar System[END_REF]. The value of =( 232 Th/ 238 U)0 derived in this way is indistinguishable from the planetary value inferred by [START_REF] Blichert-Toft | The Solar System primordial lead[END_REF]. The parameters derived by [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] and Albarède and Juteau (1984) are listed in Table 1 and are similar although they were derived in different ways. We assessed by Monte-Carlo error propagation that model ages calculated using [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] and Albarède and Juteau (1984) may differ by up to 30 Ma and the  values by up to 0.3 units. Studies of deep-sea FeMn nodules [START_REF] Abouchami | A lead isotopic study of Circum-Antarctic manganese nodules[END_REF][START_REF] Vlastélic | Geographic control on Pb isotope distribution and sources in Indian Ocean Fe-Mn deposits[END_REF][START_REF] Von Blanckenburg | Lateral mixing and advection of reactive isotope tracers in ocean basins: observations and mechanisms[END_REF] and Quaternary loess [START_REF] Sun | Temporal variations in Pb isotopes and trace element concentrations within Chinese eolian deposits during the past 8 Ma: Implications for provenance change[END_REF], two proxies of the 'common lead' of modern upper crust, show that Albarède and Juteau's (1984) model is a valid representation of the upper continental crust. In contrast, most of the Pb isotope compositions compiled by [START_REF] Hofmann | Mantle geochemistry: the message from oceanic volcanism[END_REF] for mantle-derived magmas plot to the right of the modern-lead secondary isochrons of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] and Albarède and Juteau (1984), which is tantamount to future model ages.

The conundrum of short Pb residence in the deep ocean (~80 y, [START_REF] Nozaki | 226Ra222Rn210Pb systematics in seawater near the bottom of the ocean[END_REF][START_REF] Schaule | Lead concentrations in the northeast Pacific: evidence for global anthropogenic perturbations[END_REF] contrasting with the relative homogeneity of Pb isotopes in FeMn nodules [START_REF] Von Blanckenburg | Lateral mixing and advection of reactive isotope tracers in ocean basins: observations and mechanisms[END_REF] reflects that airborne particle deposition accounts for most of the Pb input into the ocean [START_REF] Schlosser | Distribution of dissolved and leachable particulate Pb in the water column along the GEOTRACES section GA10 in the South Atlantic[END_REF]. As for hydrothermal input from the ridge system, the low Pb concentration of the oceanic asthenosphere and the rapid precipitation of Pb next to oceanic spreading centers [START_REF] Dasch | Lead isotopic composition of metalliferous sediments from the Nazca plate[END_REF] makes this source a minor contributor to the sedimentary record.

More complex models, such as the popular Plumbotectonics model of [START_REF] Zartman | Plumbotectonics-the model[END_REF] and [START_REF] Zartman | The plumbotectonic model for Pb isotopic systematics among major terrestrial reservoirs-a case for bi-directional transport[END_REF] and the detailed analysis by [START_REF] Kramers | Two terrestrial lead isotope paradoxes, forward transport modelling, core formation and the history of the continental crust[END_REF], provide a powerful illustration of possible Pb isotope evolution in the crust, but the multiple stages and under-constrained parameters they entail make it difficult to assess the reliability of the model ages inferred from these models.

The Iberian Peninsula: Geology and mining districts

Given the number and regional distribution of the samples in this study, only a short summary Variscan granites represent the most striking marker of the collision between Gondwana fragments and Laurussia. Early petrological and chronological literature was reviewed by [START_REF] Castro | Palaeozoic magmatism[END_REF] and Paleozoic intrusive magmatism was recently re-assessed by [START_REF] Ribeiro | Variscan Magmatism, in: The Geology of Iberia: A Geodynamic Approach[END_REF].

The latter occupies a large surface area in northwestern and central Iberia, Catalonia, and the Pyrenees. High 87 Sr/ 86 Sr assigns to all these rocks an unmistakably crustal origin [START_REF] Castro | Palaeozoic magmatism[END_REF]. Most granitic rocks seem to have formed by reworking of Early-to Mid-Proterozoic protoliths and were emplaced during the Variscan orogeny. Mesozoic and post-collisional Neogene volcanism from the Betic Cordilleras was reviewed by [START_REF] Gómez-Pugnaire | Mesozoic and Cenozoic Magmatism in the Betics[END_REF].

In order to see through these overarching major tectonic events and grasp the relative importance of other less imposing, but not necessarily less critical, geodynamic events, as well as the significance of geological unit subdivision, we made use of zircon U-Pb geochronology of detrital rocks of different stratigraphic ages, largely Paleozoic. In northern, northwestern, and central Iberia and in the Ossa Morena Zone, the dominant age peaks are Ediacaran and Cambrian (Cadomian) [START_REF] Ábalos | African/Amazonian Proterozoic correlations of Iberia: A detrital zircon U-Pb study of early Cambrian conglomerates from the Sierra de la Demanda (northern Spain)[END_REF][START_REF] Fernández-Suárez | The Ediacaran-Early Cambrian detrital zircon record of NW Iberia: possible sources and paleogeographic constraints[END_REF][START_REF] Martínez Catalán | U-Pb detrital zircon ages in synorogenic deposits of the NW Iberian Massif (Variscan belt): interplay of Devonian-Carboniferous sedimentation and thrust tectonics[END_REF][START_REF] Pastor-Galán | Provenance analysis of the Paleozoic sequences of the northern Gondwana margin in NW Iberia: Passive margin to Variscan collision and orocline development. Ultrah.-Press[END_REF][START_REF] Silva | Structural and stratigraphical significance of U-Pb ages from the Mora and Saldanha volcanic complexes (NE Portugal, Iberian Variscides)[END_REF][START_REF] Talavera | Ediacaran to Lower Ordovician age for rocks ascribed to the Schist-Graywacke Complex (Iberian Massif, Spain): Evidence from detrital zircon SHRIMP U-Pb geochronology[END_REF][START_REF] Villaseca | Zircon Hf signatures from granitic orthogneisses of the Spanish Central System: Significance and sources of the Cambro-Ordovician magmatism in the Iberian Variscan Belt[END_REF].

The same observation was made in the Betics [START_REF] Esteban | U-Pb detrital zircon ages from the Paleozoic Marbella Conglomerate of the Malaguide Complex (Betic Cordilleras, Spain). Implications on Paleotethyan evolution[END_REF][START_REF] Jabaloy-Sánchez | U-Pb geochronology of detrital and igneous zircon grains from the Águilas Arc in the Internal Betics (SE Spain): Implications for Carboniferous-Permian paleogeography of Pangea[END_REF][START_REF] Santamaría-López | SHRIMP U-Pb detrital zircon dating to check subdivisions in metamorphic complexes: a case of study in the Nevado-Filábride complex (Betic Cordillera, Spain)[END_REF]) and the Pyrenees [START_REF] Filleaudeau | Thermo-tectonic evolution of the southcentral Pyrenees from rifting to orogeny: insights from detrital zircon U/Pb and (U-Th)/He thermochronometry[END_REF]. In contrast, the South Portuguese Zone south of the Rheic suture shows evidence of a Silurian to Mid-Devonian event (380-420 Ma) superimposed on the dominant Cadomian event [START_REF] Pereira | Provenance of upper Triassic sandstone, southwest Iberia (Alentejo and Algarve basins): tracing variability in the sources[END_REF][START_REF] Pereira | Variability over time in the sources of South Portuguese Zone turbidites: evidence of denudation of different crustal blocks during the assembly of Pangaea[END_REF][START_REF] Pereira | North-Gondwana assembly, break-up and paleogeography: U-Pb isotope evidence from detrital and igneous zircons of Ediacaran and Cambrian rocks of SW Iberia[END_REF][START_REF] Pérez-Cáceres | Testing the Avalonian affinity of the South Portuguese Zone and the Neoproterozoic evolution of SW Iberia through detrital zircon populations[END_REF]. No zircon population with clearly Alpine ages has been identified so far.

Overall, most of Iberia is a Variscan crustal segment with a strong heritage of the Pan-African Gondwana supercontinent, which itself was built by the destruction of Proterozoic cratons. The Variscan collision strongly deformed and metamorphosed this material with little addition of juvenile magmas [START_REF] Ribeiro | Variscan Magmatism, in: The Geology of Iberia: A Geodynamic Approach[END_REF]. Only in the South Portuguese Zone is a Silurian-Devonian geodynamic event interpreted as a short-lived intra-oceanic arc [START_REF] Pereira | North-Gondwana assembly, break-up and paleogeography: U-Pb isotope evidence from detrital and igneous zircons of Ediacaran and Cambrian rocks of SW Iberia[END_REF] unquestionably different from the rest of the Variscan domain. Alpine tectonics is restricted to the boundaries between the microplates inherited from the breakup of Pangea.

A recent database (www.ehu.eus/ibercron/iberlid) collects Pb isotope compositions measured by a variety of techniques over several decades on nearly 3000 geological and archeological samples [START_REF] De Madinabeitia | IBERLID: A lead isotope database and tool for metal provenance and ore deposits research[END_REF]. The work of these authors and their database can be used to acquire some background on Iberian Pb-Zn mines and guide the reader through the various geological environments of specific samples.

The mines of southeast Iberia

The southeastern region of the Iberian Peninsula can be divided into two major lithological groups: (1) the Paleozoic and Mesozoic (Late Cretaceous to Paleogene) meta-sedimentary rocks formed before the Betic Alpine orogeny under a subduction-related compressive regime due to the convergence of European and African plates, and (2) the Miocene igneous rocks of the Cabo de Gata-Cartagena volcanic belt associated with post-collisional extension (e.g. [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF][START_REF] Esteban-Arispe | Unconventional non-magmatic sulfur source for the Mazarrón Zn-Pb-Cu-Ag-Fe epithermal deposit (SE Spain)[END_REF][START_REF] Turner | Magmatism Associated with Orogenic Collapse of the Betic-Alboran Domain[END_REF]. This Miocene volcanic field results from the fusion of mantle materials metasomatized by subduction processes (e.g. [START_REF] Benito | Sr and O isotope constraints on source and crustal contamination in the high-K calc-alkaline and shoshonitic neogene volcanic rocks of SE Spain[END_REF]. From southwest to northeast, interaction of rising melts with crustal rocks led to the formation of calc-alkaline, high-K calc-alkaline and shoshonitic, ultrapotassic, and rare alkaline basaltic rocks [START_REF] Esteban-Arispe | Unconventional non-magmatic sulfur source for the Mazarrón Zn-Pb-Cu-Ag-Fe epithermal deposit (SE Spain)[END_REF]. Hydrothermal systems associated with the calc-alkaline, high-K calc-alkaline, and shoshonitic rocks altered the volcanic rocks and formed epithermal precious and base-metal deposits such as the San José, Rodalquilar, Carboneras, Mazarrón, and Cartagena-La Unión deposits (e.g. [START_REF] Arribas | Geology, geochronology, fluid inclusions, and isotope geochemistry of the Rodalquilar gold alunite deposit[END_REF][START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF][START_REF] Ruano | Epithermal cu-au mineralization in the Palai-Islica deposit, Almería, southeastern Spain: fluid-inclusion evidence for mixing of fluids as a guide to gold mineralization[END_REF].

The Cartagena-La Unión Range

The mining district of La Unión is located in the Sierra de Cartagena, which forms the eastern end of the Betic Cordilleras (e.g. [START_REF] Oen | The lead-zinc and associated ores of La Union, Sierra de Cartagena, Spain[END_REF][START_REF] Sabaté | Ore Deposits in La Unión-Portmán District: Minera-logical and Geochemical Characterization[END_REF]. Depending on the location, the mineralization consists mainly of Pb-Zn veins or stratabound deposits, associated with hydrothermal alteration or carbonate replacement, hosted by volcanic, sub-volcanic, or metamorphic rocks [START_REF] Sabaté | Ore Deposits in La Unión-Portmán District: Minera-logical and Geochemical Characterization[END_REF]. Galena is abundant in both vein and stratabound deposits and has been intensively exploited since the Carthaginian expansion and subsequent Roman times (e.g. [START_REF] Sanmarti | The mineral association in the Emilia and Brunita Pb-Zn-Ag-(Sn) deposits[END_REF][START_REF] Soler | La Union: An approach to the mineral sequence[END_REF]. The Ag-bearing galena located in the Cabo de Palos were, in ancient times, the richest in Hispania, containing between 5 and 6 kilograms of silver per ton of lead.

Mazarrón

The Mazarrón mining district is located in the northern part of the Cabo de Gata-Cartagena volcanic belt, at the eastern end of the Betic Cordilleras. This Zn-Pb-Cu-Ag-Fe sulfide deposit is one of the best examples of epithermal mineralization associated with high-K calc-alcaline and shoshonitic volcanics [START_REF] Esteban-Arispe | Unconventional non-magmatic sulfur source for the Mazarrón Zn-Pb-Cu-Ag-Fe epithermal deposit (SE Spain)[END_REF]. Lead-bearing ores are represented by lead sulfides and argentiferous galena, accompanied by sphalerite, pyrite, antimony and arsenic minerals, and gypsum. The grade range between 3000 and 6000 grams per ton of ore, in some places reaching 10,000 grams.

Sierra de Almagrera

The mining district of the Sierra de Almagrera is located in the central part of the Cabo de Gata-Cartagena volcanic belt (e.g. Martinez [START_REF] Martinez Frias | Discovery of fossil fumaroles in Spain[END_REF][START_REF] Navarro | Metal mobilization from base-metal smelting slag dumps in Sierra Almagrera (AlmerÌa, Spain)[END_REF][START_REF] Suárez | La minería en la sierra de almagrera (Almería) y el ferrocarril minero del barranco Jaroso. Re Met[END_REF].

Ore deposits mainly consist of Ag-rich veins or stratabound ore bodies (Herrerias deposit)

hosted by Paleozoic schists (graphitic and quartz-rich phyllites) and quartzite of the Alpujárride Complex (Internal Betic Zone). The major veins contain an assemblage of base metal sulfides (Ag-bearing galena, sphalerite, pyrite, chalcopyrite, and marcasite) and Pb-Sb-Cu-Ag sulfosalts [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF][START_REF] Martínez-Frías | Las mineralizaciones epitermales de sierra almagrera y de la cuenca de Herrerías, Cordilleras Béticas[END_REF]. Locally, the strong supergene alteration and secondary enrichment resulted in abundant native Ag and secondary minerals such as jarosite [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF].

The Gádor Range

The Sierra de Gádor is located in the western part of the Betic Cordilleras and belong to the Internal Betic Zone (e.g. [START_REF] Fontboté | Observations on the Setting of the Strata-Bound F-(Pb-Zn) Deposits in the Triassic of the Alpujarrides (Betic Cordillera, Southern Spain)[END_REF]. Mining areas occupy the western part of the Gádor Range, with an extent of some twenty square kilometers. The mineralization consists of lenticular and stratabound F-(Pb-Zn) deposits hosted by Middle Triassic carbonate rocks of the lower Alpujárride Complex [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF][START_REF] Fontboté | Observations on the Setting of the Strata-Bound F-(Pb-Zn) Deposits in the Triassic of the Alpujarrides (Betic Cordillera, Southern Spain)[END_REF]. Mineral assemblages generally consist of fluorine, galena, sphalerite, pyrite, and bornite [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF]. Although minerals occasionally appeared at the surface, the most important concentrations of lead were located between 60 and 100 m depths.

The mines of the South Central Iberian Zone

Ore deposits from this area are associated with various lithological units, including slates and shales of the Rumblar basin and Variscan granites. The igneous rocks are differentiated to variable extents and include diorites, granodiorites, and porphyry. The veins in this east Lusitan-Marianic region contain Cu-Pb, Pb, and Pb-Ag mineralizations, as well as some Sn-W and epithermal deposits [START_REF] Arboledas | La explotación antigua en Sierra Morena Oriental y su vinculación con el territorio[END_REF].

The Alcudia Valley

The Alcudia Valley ore district is located in the southwest of the Ciudad Real province and belongs to a large metallogenic province known as the Sierra Morena (e.g. [START_REF] Palero-Fernández | Trace element contents in galena and sphalerite from ore deposits of the Alcudia Valley mineral field (Eastern Sierra Morena, Spain)[END_REF][START_REF] Santos Zalduegui | A lead isotope database: The Los Pedroches-Alcudia area (Spain); Implications for archaeometallurgical connections across southwestern and southeastern Iberia[END_REF]. The most important geological feature of this district is a succession of anticlines and synclines affecting sedimentary Neoproterozoic and Ordovician-Early Carboniferous rocks. All the deposits of this district are related to Variscan granite magmatism of Carboniferous age, in particular the intrusion of the Los Pedroches Batholith in the southern part of the district [START_REF] Palero | Geology and Metallogenic Evolution of the Polymetallic Deposits of the Alcudia Valley Mineral Field, Eastern Sierra Morena, Spain[END_REF][START_REF] Palero-Fernández | Trace element contents in galena and sphalerite from ore deposits of the Alcudia Valley mineral field (Eastern Sierra Morena, Spain)[END_REF]. Ore deposits from the Alcudia Valley were classified according to their morphology, host rock relations, structural setting, mineral assemblages, and geochemical parameters [START_REF] Palero | Metalogénesis de los yacimientos de Pb-Zn de la región del Valle de Alcudia (Sierra Morena Oriental[END_REF][START_REF] Palero | Metallogeny of sheared Zn-Pb vein deposits of Alcudia Valley, Ciudad Real, Spain[END_REF]. Most of the deposits of economic importance are hydrothermal Pb-Zn-Ag veins with breccia textures located in tensional fractures within Neoproterozoic rocks [START_REF] Palero-Fernández | Trace element contents in galena and sphalerite from ore deposits of the Alcudia Valley mineral field (Eastern Sierra Morena, Spain)[END_REF]. The ore mineral assemblage mainly consists of galena, sphalerite, chalcopyrite, pyrite, marcasite, and Ag-sulfosalts.

Linares-La Carolina

The mining district of Linares-La Carolina is located east of the Alcudia Valley, in the northwestern part of the Jaén province. This district is divided into two mineralized sectors, Linares and La Carolina. As in the Alcudia Valley, ore deposits of both sectors are related to Variscan granite emplacement (e.g. [START_REF] Palero-Fernández | Trace element contents in galena and sphalerite from ore deposits of the Alcudia Valley mineral field (Eastern Sierra Morena, Spain)[END_REF][START_REF] Santos Zalduegui | A lead isotope database: The Los Pedroches-Alcudia area (Spain); Implications for archaeometallurgical connections across southwestern and southeastern Iberia[END_REF]. Deposits in Linares consist of hydrothermal veins of base-metal sulfides hosted mainly by granites from the Linares pluton, and less commonly by Paleozoic rocks. The mineral assemblage contains Ag-poor galena, sphalerite, pyrite, and chalcopyrite in a quartz-barite-carbonate gangue. In La Carolina, deposits are base-metal sulfide veins hosted by Ordovician to Silurian meta-sedimentary rocks, and more rarely by granites from the Santa Elena pluton. The mineral assemblage contains Ag-bearing galena, sphalerite, and pyrite in a quartz gangue, sometimes associated with ankerite and barite [START_REF] De Madinabeitia | Implementación y aplicación de los análisis isotópicos de Pb al estudio de las mineralizaciones y la geocronología del área Los Pedroches-Alcudia (Zona Centro-Ibérica)[END_REF].

The mines of southwest Iberia

The Iberian Pyrite Belt, located in the southwest of the Iberian Peninsula comprising part of Portugal, Huelva, and the Seville province (Spain), contains diverse mining districts that have been major sources of metals through centuries. As the Romans were unable to extract silver from sulfides, silver was instead extracted from jarosites, which lie beneath the gossan, the oxidised zone of sulfides. The ores are hosted by two geological zones: the Ossa Morena and South Portuguese zones.

The Ossa Morena Zone

The Ossa Morena Zone (OMZ) is located south of the Central Iberian Zone and to the northeast of the South Portuguese Zone. The geology of this tectonostratigraphic unit, described in detail by [START_REF] Tornos | Plumbotectonic Evolution of the Ossa Morena Zone, Iberian Peninsula: Tracing the Influence of Mantle-Crust Interaction in Ore-Forming Processes[END_REF], is particularly complex. It resulted from the accretion of terranes ranging from Late Riphean to Late Carboniferous in age. In short, the OMZ encompasses

(1) disseminated pre-Cadomian sequences of high-grade metamorphic and siliciclastic rocks,

(2) syn-orogenic Cadomian units of Neoproterozoic-Early Cambrian backarc to intra-arc sequences, (3) a volcano-sedimentary unit formed during Paleozoic intracontinental rifting, (4)

an Ordivician to Early Devonian passive margin sequence, and (5) syn-Variscan sedimentary rocks [START_REF] Tornos | Plumbotectonic Evolution of the Ossa Morena Zone, Iberian Peninsula: Tracing the Influence of Mantle-Crust Interaction in Ore-Forming Processes[END_REF]. Ore deposits in the OMZ are related to three major orogenic and sedimentary events [START_REF] Marcoux | Hydrothermalisme anté-Hercynien en Sud-Ibérie : apport de la géochimie isotopique du plomb[END_REF] 

The South Portuguese Zone

The South Portuguese Zone (SPZ) counts many world-class giant and supergiant VMS deposits, mainly in the province of Huelva. This region includes, among others, the mines of Riotinto, Tharsis, Cueva de la Mora, Sotiel Coronada, Castillo de Buitron, and La Zarza. Aznalcollar in Sevilla, Aljustrel in the district of Beja, and Neves Corvo in southern Portugal are also considerable in size. These deposits all belong to the Iberian Pyrite Belt that occupies the southwest corner of the Iberian Peninsula [START_REF] Almodóvar | Geology and genesis of the Aznalcóllar massive sulphide deposits, Iberian Pyrite Belt, Spain[END_REF][START_REF] Relvas | Multiple sources for ore-forming fluids in the Neves Corvo VHMS Deposit of the Iberian Pyrite Belt (Portugal): strontium, neodymium and lead isotope evidence[END_REF][START_REF] Sáez | Geological constraints on massive sulphide genesis in the Iberian Pyrite Belt[END_REF][START_REF] Tornos | Environment of formation and styles of volcanogenic massive sulfides: The Iberian Pyrite Belt[END_REF]. The SPZ is interpreted to have been sutured to the Iberian Massif during the Middle Carboniferous. The local stratigraphy includes three main units, from top to bottom: (1)

the Phyllite-Quartzite group (PQ), (2) the Volcanic-Siliceous (VS) Complex, and (3) the Culm group [START_REF] Sáez | Geological constraints on massive sulphide genesis in the Iberian Pyrite Belt[END_REF]. The VMS deposits are hosted in the VS Complex which consists of successive mafic and felsic volcanic sequences interbedded with mudstone and chemical sedimentary rocks of Late Famennian to Early Late Visean age [START_REF] Oliveira | South Portuguese Zone. Stratigraphy and synsedimentary tectonism. Pre-Mesoz[END_REF][START_REF] Tornos | Environment of formation and styles of volcanogenic massive sulfides: The Iberian Pyrite Belt[END_REF]. The stratigraphy is locally modified by igneous intrusions and thrust faults [START_REF] Tornos | Environment of formation and styles of volcanogenic massive sulfides: The Iberian Pyrite Belt[END_REF]. Overall, the major ore deposits hosted by the VS Complex consist of massive sulfide lenses that contain up to 170 Mt of ore. Most of the deposits show a direct relationship with black shales that form a significant part of the VS Complex [START_REF] Tornos | Environment of formation and styles of volcanogenic massive sulfides: The Iberian Pyrite Belt[END_REF].

The mines of northern Iberia

The density of ore deposits in the northern part of the Iberian Peninsula is lower than in the south. However, several mining districts are noteworthy in the Catalan Coastal Ranges (northeastern Iberia), the Pyrenees (northern edge of the Iberian Peninsula), the Basque-Cantabrian

Zone (north-central Iberia), and the West Asturian Leonese Zone (northwestern Iberia).

The Pyrenees

The Pyrennean chain, between France and Spain, formed during the Alpine orogeny which was surperimposed on Paleozoic terranes and Precambrian basement previously deformed by the Variscan orogeny [START_REF] Munoz | Mesozoic vein-type Pb-Zn mineralization in the Pyrenees: Lead isotopic and fluid inclusion evidence from the Les Argentières and Lacore deposits[END_REF]. The Alpine deformation of the Pyrenees is mostly limited to thrusting and faulting of the Paleozoic rock series. The Variscan phase of the Pyrenees dates from the Late Carboniferous (Namuro-Wesphalian) and was accompanied by calc-alkaline magmatism and high-temperature-low-pressure metamorphism [START_REF] Denele | Middle Ordovician U-Pb age of the Aston and Hospitalet orthogneissic laccoliths: their role in the Variscan evolution of the Pyrenees[END_REF][START_REF] Laumonier | Polymetamorphism and crustal evolution of the eastern Pyrenees during the Late Carboniferous Variscan orogenesis[END_REF]. The Paleozoic formations of the Axial Zone of the Pyrenees hosted many SedEx Pb-Zn stratiform deposits. The more economically significant occur in Lower Paleozoic meta-sedimentary rocks of Ordovician to Lower Devonian ages, such as the Pierrefitte, Bentaillou, Aran Valley, and Benasque Pass deposits (e.g. [START_REF] Cardellach | La composición isotópica del azufre y del plomo en las mineralizaciones de Zn-Pb del Valle de Arán (Pirineo Central) y su significado metalogenético[END_REF][START_REF] García-Sansegundo | Structural control and geological significance of the Zn-Pb ores formed in the Benasque Pass area (Central Pyrenees) during the post-late Ordovician extensional event of the Gondwana margin[END_REF][START_REF] Nicol | Les minéralisations Zn-Pb de la série paléozoïque de Pierrefitte (Hautes-Pyrénées) dans la succession des événements tectoniques hercyniens[END_REF], and are considered to have formed during

Early Paleozoic rifting. Additionally, Pb-Zn vein deposits with Ag-rich tetrahedrite, Les Argentières and Lacore deposits next to Aulus-Les-Bains [START_REF] Munoz | Mesozoic vein-type Pb-Zn mineralization in the Pyrenees: Lead isotopic and fluid inclusion evidence from the Les Argentières and Lacore deposits[END_REF], are found in Devonian terranes, but formed by Mesozoic hydrothermal fluids circulating during the post-Variscan extensional regime.

The Catalan Coastal Range

The Catalan Coastal Range is made of folded Variscan basement overlain by a Mesozoic to Cenozoic sedimentary cover (e.g. [START_REF] Canals | Ore lead and sulphur isotope pattern from the low-temperature veins of the Catalonian Coastal Ranges (NE Spain)[END_REF][START_REF] Canet | PGE-bearing minerals in Silurian sedex deposits in the Poblet area, southwestern Catalonia, Spain[END_REF][START_REF] Edel | Permian clockwise rotations of the Ebro and Corso-Sardinian blocks during Iberian-Armorican oroclinal bending: Preliminary paleomagnetic data from the Catalan Coastal Range (NE Spain)[END_REF][START_REF] Parviainen | Low-temperature, platinum-group elements-bearing Ni arsenide assemblage from the Atrevida mine (Catalonian Coastal Ranges, NE Spain)[END_REF]. The Variscan basement consists of Paleozoic sedimentary rocks and Late-Variscan granites peneplaned during pre-Triassic erosion, then covered by Mesozoic sedimentary sequences [START_REF] Canals | Ore lead and sulphur isotope pattern from the low-temperature veins of the Catalonian Coastal Ranges (NE Spain)[END_REF]. Numerous mineralized veins including barite, fluorite, and base-metal sulfides in variable proportions are hosted by the Paleozoic basement and locally cut across Triassic red beds. A detailed classification of the different types of deposits is given by [START_REF] Canals | Ore lead and sulphur isotope pattern from the low-temperature veins of the Catalonian Coastal Ranges (NE Spain)[END_REF]. The overall relationships between the type of enclosing rock and vein mineralogy are: deposits enclosed in Paleozoic meta-sedimentary rocks have a complex mineralogy including Co, Ni, and Ag arsenides and sulfides, whereas deposits hosted by granites are rich in fluorite and/or barite and depleted in base metal sulfides

The Basque-Cantabrian Zone

The Basque-Cantabrian basin is located west of the Pyrenees, in central northern Spain. This region roughly consists of Mesozoic to Tertiary sediments overlying the Paleozoic Asturian basement faulted and deformed during the Variscan orogeny (e.g. [START_REF] Velasco | Geology and Geochemistry of the Reocín Zinc-Lead Deposit, Basque-Cantabrian Basin, Northern Spain[END_REF]. Sediment-hosted Pb-Zn deposits are found in two geological settings [START_REF] Velasco | Lead isotope study of Zn-Pb ore deposits associated with the Basque-Cantabrian basin and Paleozoic basement[END_REF]. The first is Carboniferous clastic meta-sediments of the Cinco Villas massif (east of the Basque-Cantabrian basin) which includes SedEx ore deposits affected by Variscan deformation and metamorphism and associated remobilization (Pesquera andVelasco, 1993, 1989). The second is Lower Cretaceous carbonate rocks deposited at platform margins that host MVT and SedEx ore deposits [START_REF] Herrero | Las mineralizaciones de Zn, Pb, F en el sectoroccidental de Vizcaya: Mineralogía, geoquímica y metalogenia[END_REF][START_REF] Velasco | Lead isotope study of Zn-Pb ore deposits associated with the Basque-Cantabrian basin and Paleozoic basement[END_REF]. South of the Basque-Cantabrian zone, Pb-Zn deposits also occur in the Paleozoic Sierra de la Demanda. Several deposits from this region, such as Udias, Novale, La Florida, Mercadal, Comillas, Punta Calderon, and Reocin have been historically exploited for Pb and Zn (e.g. [START_REF] Pašava | Zinc and sulfur isotope variation in sphalerite from carbonate-hosted zinc deposits, Cantabria, Spain[END_REF][START_REF] Velasco | Geology and Geochemistry of the Reocín Zinc-Lead Deposit, Basque-Cantabrian Basin, Northern Spain[END_REF].

The West Asturian Leonese Zone

The West Asturian-Leonese Zone (WALZ) is located northwest of the Iberian Peninsula. The Zn-Pb deposits are found in the calcareous Vegadeo Formation in the westernmost outcrops of the WALZ. This formation constitutes a major carbonate intercalation in the mainly siliciclastic Lower Cambrian sedimentary succession in this part of the Variscan Belt of Spain [START_REF] Tornos | The carbonate-hosted Zn-Pb deposits of NW Spain: stratabound and discordant deposits related to the Variscan deformation[END_REF]. In short, the Vegadeo Formation consists of a thick bed of carbonates with rare in- et al., 1996).

tercalations

Analytical techniques

The high-precision Pb isotope compositions of the 64 galena and 52 K-feldspar analyzed in the present study, all from Spain and the French Pyrenees, are listed in Tables S1 andS2, respectively, of the Supplementary Material. In the following, we briefly summarize the analytical techniques used at ENS Lyon for separating Pb from galena and K-feldspar and measuring the Pb isotopic compositions my multiple-collector inductively-coupled plasma mass spectrometry (MC-ICP-MS; Nu Plasma 500 HR).

Galena

Galena ores were crushed and powdered in a clean pre-conditioned agate mortar. About 0.1 g of each sample was weighed into clean Savillex beakers for acid digestion. Samples were digested in a wet chemistry laboratory at ENS Lyon (so as not to contaminate the low-blank clean laboratory at ENS Lyon with the high Pb concentrations of galena) with 10 ml distilled concentrated HNO3 on a hotplate at 110°C for a several hours. Galena readily dissolves according to the reaction:

PbS + 8 HNO3 = PbSO4 + 8 NO2 + 4 H2O

The NO2 gas was regularly evacuated from the closed beakers by slightly unscrewing their lids as pressure built up until complete sample digestion was achieved. Once the reaction complete, samples were evaporated to dryness on a hotplate at 90°C. The dry PbSO4 residue was then dissolved in 20 ml distilled 3M HNO3 on a hotplate at 110°C and repeatedly placed in an ultrasonic bath until total dissolution. The elemental composition of the digested galena samples was measured on an aliquot of known volume of the total dissolved sample using a Thermo Scientific ICAP-Q quadrupole ICP-MS (inductively-coupled plasma mass spectrometer) at ENS Lyon. The total procedural Pb blank of the wet laboratory part of the procedure was < 20 ng, which is negligible relative to the amount of Pb in the samples of the order of 10-100s of mg. For each sample, an aliquot containing about 1 µg of Pb was taken for subsequent Pb separation and purification under clean laboratory conditions for high-precision Pb isotopic analysis.

Lead was eluted at ENS Lyon following a one-step column chromatography procedure that uses microcolumns filled with 500 µL anion-exchange resin (AG1-X8, 100-200 mesh). The sample aliquots containing 1 µg of Pb dissolved in distilled 3M HNO3 were first evaporated to dryness on a hotplate at 110°C. The residues were then taken up in 1 mL distilled 6M HCl and dried down to convert the samples to chloride form. The samples where thereafter dissolved in 1 mL double-distilled 1M HBr on a hotplate at 110°C and, once cooled down, loaded onto the anion-exchange columns. Sample matrices were eluted with double-distilled 1M HBr and Pb was collected with distilled 6M HCl. After evaporation to dryness of the pure Pb fractions, a few drops of concentrated distilled HNO3 were added and the samples dried down again prior to Pb isotopic analysis, ensuring that any traces of potentially interfering Br2 and organic material were driven off. The total procedural Pb blank of the clean laboratory part of the procedure was < 20 pg, which again is negligible compared to the starting amount of this step of 1 µg Pb.

The Pb isotopic compositions of the galena samples were measured on a Nu Plasma 500 HR MC-ICP-MS at ENS Lyon following the procedures of [START_REF] Blichert-Toft | Hawaiian hot spot dynamics as inferred from the Hf and Pb isotope evolution of Mauna Kea volcano[END_REF] and [START_REF] White | High-precision analysis of Pb isotope ratios by multi-collector ICP-MS[END_REF]. Instrumental mass bias was corrected using added Tl, and sample-standard bracketing referred to the values of [START_REF] Eisele | The 320 kyr Pb isotope evolution of Mauna Kea lavas recorded in the HSDP-2 drill core: EVOLUTION OF MAUNA KEA LAVAS[END_REF] for the NIST 981 Pb reference material. Repeated measurements of NIST 981, analyzed every second sample throughout the individual analytical sessions, yielded an external reproducibility < 100 ppm (0.01%) for 204 Pb-normalized ratios and < 50 ppm (0.005%) for 207 Pb/ 206 Pb and 208 Pb/ 206 Pb. In-run analytical errors (2-sigma mean, based on the measurement of 60 isotope ratios with 10 seconds integration time each for each sample and standard run) being systematically smaller than the external reproducibility for all samples, they are not reported with the data in Tables S1 (galenas) and S2 (K-feldspars) so as to render the data tables more manageable and readable.

K-feldspar

The K-feldspars were separated from their respective granites via grinding, sieving, and handpicking under a binocular microscope. All subsequent leaching, dissolution, and Pb separation procedures were done in the clean laboratory at ENS Lyon. The separated K-feldspars were leached in hot distilled 6M HCl and rinsed in distilled water prior to dissolution in either a 3:1:0.5 mixture of double-distilled concentrated HF:HNO3:HClO4 or partially dissolved in cold double-distilled 30% HF depending on how pure the K-feldspar separates were (i.e. to avoid high-(U-Th)/Pb inclusions potentially present in trace amounts of quartz sometimes left behind with the K-feldspar). After evaporation to dryness, the samples were taken up in distilled 6M

HCl to ensure complete dissolution, dried down again, then taken up in double-distilled 1M

HBr and run through the same Pb columns as described above for galena. The total procedural Pb blank also was the same as for galena, < 20 pg. The Pb isotopic compositions of the Kfeldspars were measured as described above for galena.

Results

The new Pb isotope data for galena and K-feldspar are listed in Tables S1 andS2, respectively, together with the relevant literature data. The new data and the complete data set built by consolidation of the new data with literature data are considered separately. The reason for this distinction is that, since the early 2000s, MC-ICP-MS has significantly improved the accuracy and precision of Pb isotope data. While data quality therefore may vary among studies in the published literature, MC-ICP-MS data are consistently superior owing to the excellent control of analytical mass bias allowed by this technique.

Although only few absolute datings of Pb-Zn mineralizations are available in the literature, emplacement ages have been estimated for most of the ore deposits considered here. These ages are reported in Table S1. For each mining region, several ore deposition events may have occurred. As shown in Fig. 3, with rare exceptions, model ages are systematically older than emplacement ages by up to 400 Ma, a time difference that largely exceeds the uncertainties on the model ages.

We highlight this observation with a few examples, such as the Alcudia-Valley-los Pedroches area, where five types of Pb-Zn deposits have been defined corresponding to distinct ore forming events (Palero-Fernandez et al., 2003;Palero-Fernandez and Martin-Izard, 2005). The model ages of the first four ore types which formed from the Silurian (450-420 Ma) to the Upper Carboniferous (320-300 Ma) are Neoproterozoic (about 600 Ma). In contrast, the model ages of galenas from the last ore-forming event of Permian to Triassic age (260-240 Ma) are Devonian (380-400 Ma) (see Table S1). A similar pattern is observed in the Betic Cordilleras, where three phases of ore formation have been identified [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF] (Canals andCardellach, 1997, 1993). Overall, with few exceptions, galenas from the whole Iberian Peninsula have model ages significantly older than their host deposits (Fig. 3), regardless of ore type deposit (i.e. SedEx, VHMS, MVT).

The maps of Fig. 4 As mentioned above, the present study focuses on the geological interpretation of Pb isotope data using the model parameters Tmod, , and  calculated from the equations given by Albarède et al. ( 2012) and the parameters determined by Albarède and Juteau (1984). We used the recently redetermined value of 137.79 for 238 U/ 235 U [START_REF] Andersen | Uranium isotope fractionation[END_REF][START_REF] Goldmann | The uranium isotopic composition of the Earth and the Solar System[END_REF]. The provinciality of calculated model ages is particularly sharp (Fig. 4). The Tmod data are also presented in 1-dimensional histogram form (Figs. 5 and6), which will be discussed below. In the 3-dimensional Tmod, , and space, the datawere treated as representing mixtures of stochastic variables with normal distributions. The peaks are identified by a code (which can be obtained from the senior author upon request) written in Matlab using the Statistical Toolbox and the results are presented in Table 2.

The one-dimensional Tmod histogram of the new galena Pb isotope data identifies two particularly significant peaks at 94±38 Ma and 392±39Ma (Fig. 5) with the significance level assessed by a t-test, and a minor peak at ~614 Ma (Fig. 5). When the database obtained by combing the new Pb isotope data with literature data (N=464) (Table S1), and  and  are added as additional dimensions, the data set can be treated as a 3-dimensional population mixture: a five-component mixture gives a best fit with well-defined model age peaks (Table 2). Two major model age peaks are observed at 395±40 (N=237, Middle Devonian; Table 2) and 90±34 Ma (N=80, Middle Cretaceous; Table 2), which are consistent with the peaks observed in the Tmod histogram.

Additionally, a broad Neoproterozoic to Early Paleozoic peak (N=74, 613±42 Ma; Table 2) and two minor peaks at 185±26 Ma (Jurassic) and 313±41 (Upper Carboniferous) (Table 2) are also identified. The average Th/U ratio of the galenas (3.99±0.13) matches the average value for European and circum-Mediterranean galenas [START_REF] Blichert-Toft | Large-scale tectonic cycles in Europe revealed by distinct Pb isotope provinces: MAPPING OUT EUROPE WITH PB ISOTOPES[END_REF]. Tmod peaks at 329±24 Ma (Upper Carboniferous) and 417±36 Ma (Fig. 6). The Tmod histogram also hints at a minor peak at 232±14 Ma (Fig. 6). The 3-dimensional (Tmod, , and ) analysis (Table 2) reveals a four-component mixture with two dominant peaks at 336±30 Ma (N=46, Carboniferous; Table 2) and 424±34 Ma (N=38, Devonian; Table 2) and two broad, less significant peaks at 214±53 Ma (N=12) and 185±180 Ma (N=7) (Table 2). The two major peaks defined by K-feldspars are significantly different from the two major peaks defined by galenas (Fig. 7). The average Th/U ratio of the K-feldspars (3.93±0.21) also matches the average value for European and circum-Mediterranean galenas [START_REF] Blichert-Toft | Large-scale tectonic cycles in Europe revealed by distinct Pb isotope provinces: MAPPING OUT EUROPE WITH PB ISOTOPES[END_REF], but a t-test (p=310 -12 ) shows that the difference in Th/U between galenas and K-feldspars is significant.

Discussion

As explained in Section 2, Pb isotopes do not have enough resolution and robustness to disentangle the intricacies of the different mechanisms by which large amounts of metal are accumulated in the upper crust but they do respond to the formation of large Pb segregations (U/Th/Pb fractionation) and to the timing of the fractionation events in question. Lead isotopes [START_REF] Moorbath | Lead isotope studies on igneous rocks from the Isle of Skye, northwest Scotland[END_REF], often complemented by oxygen and strontium isotopes [START_REF] Michard-Vitrac | The genesis of Variscan (Hercynian) plutonic rocks: Inferences from Sr, Pb, and O studies on the Maladeta igneous complex, central Pyrenees (Spain)[END_REF], clearly help assess the relative contributions of mantle and crust to magmatic rocks and ore deposits. They also delineate model age provinces reflecting tectonique cycles [START_REF] Blichert-Toft | Large-scale tectonic cycles in Europe revealed by distinct Pb isotope provinces: MAPPING OUT EUROPE WITH PB ISOTOPES[END_REF]. However, contrary to the case of VMS deposits (e.g. [START_REF] Mccallum | Lead isotopes in sulfides from the Stillwater Complex, Montana: evidence for subsolidus remobilization[END_REF][START_REF] Piercey | Lead Isotope Geochemistry of Shales from the Wolverine Volcanogenic Massive Sulfide Deposit, Yukon: Implications for Pb Isotope Vectoring in Exhalative Ore Systems[END_REF], they appear of little help in refining the SedEx and MVT genetic models of ore deposits. Due to the enormous fractionation factors of Pb with respect to U and Th during ore formation, Pb isotopes provide testable time constraints on primary Pb-Zn segregation.

The Discussion will first address the issue of Pb model age significance in galenas and Kfeldspars and show that this new interpretation fits the Pb isotope data obtained at other localities.

A model of early Pb-Zn segregation and a new interpretation of Pb model ages

A first-order observation is that the Pb isotope compositions of the present galena and K-feldspar samples are clearly of crustal origin and distinct from mantle values, e.g. the values measured on basalts and compiled by [START_REF] Hofmann | Mantle geochemistry: the message from oceanic volcanism[END_REF]. Mantle Pb sources may be suspected when model ages are negative [START_REF] Albarède | A miner's perspective on Pb isotope provenances in the Western and Central Mediterranean[END_REF] (Albarède and Juteau, 1984;[START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF].

We therefore conclude that Pb model ages calculated from the two-stage modeling of conformable galenas provide a simple but consistent framework within which to discuss the age and origin of the original Pb source of Pb-Zn ore deposits.

Lead-zinc strata-bound ores appear to form during certain geological periods. SedEx emplacement ages form two clusters, one in the Mesoproterozoic and one in the Paleozoic [START_REF] Leach | Mississippi Valley-type lead-zinc deposits through geological time: implications from recent age-dating research[END_REF]. Likewise, there appear to be two major episodes of MVT formation, one in the Devonian-Permian and the other in the Cretaceous-Tertiary. Even if reliable emplacement ages, and even host rock ages, may not always be available for the Iberian Peninsula, the Pb model ages obtained in the present work provide a different perspective on Pb-Zn pre-concentration. The new galena data define two sharp peaks consistent with Middle to Late Devonian and Early to Middle Cretaceous ages. These ages are regionally very consistent and seem to depend on the size and type of the ore deposits. The former peak dominates the SPZ, the OMZ, the South Central Iberian Zone, and the Catalan Coastal Range. Consolidating the new data and literature data highlights a significant peak in the Neoproterozoic. Adding the and variables does not improve age resolution in 2-dimensional histograms, but confirms the prominence of four events occurring, in decreasing order of importance, in the Devonian, Mid-Cretaceous, Ediacaran, and Carboniferous. Most samples defining the Ediacaran peak are located in the Pyrenees, northwestern Spain, and, sparsely, the OMZ and South Central Iberian Zone, which are all localities where Neoproterozoic terranes are present, but predate the Cadomian collision.

The Late Devonian peak can exclusively be associated with U-Pb dates from the SPZ arc [START_REF] Pereira | Provenance of upper Triassic sandstone, southwest Iberia (Alentejo and Algarve basins): tracing variability in the sources[END_REF][START_REF] Pereira | North-Gondwana assembly, break-up and paleogeography: U-Pb isotope evidence from detrital and igneous zircons of Ediacaran and Cambrian rocks of SW Iberia[END_REF][START_REF] Pereira | North-Gondwana assembly, break-up and paleogeography: U-Pb isotope evidence from detrital and igneous zircons of Ediacaran and Cambrian rocks of SW Iberia[END_REF][START_REF] Pérez-Cáceres | Testing the Avalonian affinity of the South Portuguese Zone and the Neoproterozoic evolution of SW Iberia through detrital zircon populations[END_REF]. The case of the Early Cretaceous peak is exemplary because, although this period coincides with the opening of the South Atlantic, no major tectonic event or significant magmatic activity are known locally from this period (Martín-Chivelet et al., 2002). Overall, the major peaks of galena model ages do not seem to be associated with tectonic or magmatic events affecting the Iberian domain and emplacement ages, where they can be assessed, are significantly older than the ages of the magmas and fluids that carried the metal load. This case is clear for the Betic belt where Lower Cretaceous Pb model ages are recorded in ores associated with Miocene volcanics.

It has long been accepted that the source of Pb ores is in the crust, and in particular in sedimentary rocks [START_REF] Heyl | Isotopic evidence for the origin of Mississippi valley-type mineral deposits: a review[END_REF]. For the Betics, [START_REF] Arribas | Isotopic composition of Pb in ore deposits of the Betic Cordillera, Spain; origin and relationship to other European deposits[END_REF] suggested that the protolith corresponds to the surrounding Paleozoic metasediments. Clearly, however, not all sedimentary sequences foreshadow the formation of large Pb-Zn deposits. In addition, largescale circulation of groundwater is expected to average the Pb isotopic composition of the solute to the 'common lead' of the time. Selective leaching of lead from some older formation(s)

existing at the time of formation of Pb-Zn deposits is therefore needed to ensure that their Pb model ages are older than their emplacement ages. [START_REF] Goodfellow | Environment of formation of the Howards Pass (XY) zinclead deposit, Selwyn Basin, Yukon[END_REF], [START_REF] Goodfellow | Anoxic stratified oceans as a source of sulphur in sediment-hosted stratiform ZnPb deposits (Selwyn Basin, Yukon, Canada)[END_REF][START_REF] Turner | Formation of Phanerozoic stratiform sediment-hosted zinc-lead deposits: Evidence for the critical role of ocean anoxia[END_REF] advocated that sediment-hosted Pb-Zn ore deposits formed in a stratified ocean during anoxic or euxinic events. [START_REF] Sáez | Black shales and massive sulfide deposits: causal or casual relationships? Insights from Rammelsberg, Tharsis, and Draa Sfar[END_REF] suggested a connection between the local anoxia of the local volcano-sedimentary environment and the deposition of massive sulfide ores of Paleozoic age at Rammelsberg (Germany), Tharsis (Southern Spain and Portugal), and Draa Sfar (Morocco). Here, Pb model ages that are older than emplacement ages take the assumption of anoxic conditions one step further by suggesting that if the well-defined peaks of model ages characterize unusual sedimentary events, then the current ore deposits formed in a different environment. Remarkably, the sequence of events identified by the five-component breakdown of this work (Table 2) is strongly reminiscent of well-known episodes of anoxia in the Phanerozoic ocean. An appealing explanation for the model age peaks identified in the present study, and for primary Pb segregation, therefore is the effect of global oceanic anoxic events. Black shales are a typical rock type deposited during anoxic events but the whole-rocks are not by themselves the likely primary source of Pb and Zn ore deposits. In order for the sources of Pb-Zn ores to freeze in the sharp peaks of model ages observed here, Pb isotope compositions require that the = 238 U/ 204 Pb) values of the parent rocks must be close to zero. Any source rock with >>0

inevitably leads to a broad spread in model ages due to variable radiogenic ingrowth. The limited number of available data on Pb isotope systematics of old black shales are indicative of high values (from 9.6to 1000 and more) [START_REF] Chen | Pb-Pb dating of black shales from the Lower Cambrian and Neoproterozoic strata, South China[END_REF][START_REF] Fetter | Lead isotopes as tracers of crude oil migration within deep crustal fluid systems[END_REF][START_REF] Jiang | Trace-and rareearth element geochemistry and Pb-Pb dating of black shales and intercalated Ni-Mo-PGE-Au sulfide ores in Lower Cambrian strata, Yangtze Platform, South China[END_REF]. Such elevated parent/daughter ratios render the black shale whole-rocks themselves unsuitable sources of Pb because they would not 'freeze' the source Pb isotope compositions but rather drive radiogenic ingrowth well beyond common lead and induce a broad scatter of isotopic ratios. Although mineralogical studies of shales are few, finely divided, but abundant galena has been described in black shales, often included in arsenopyrite [START_REF] Abraitis | Variations in the compositional, textural and electrical properties of natural pyrite: a review[END_REF][START_REF] Belkin | Late-stage sulfides and sulfarsenides in Lower Cambrian black shale (stone coal) from the Huangjiawan mine, Guizhou Province, People's Republic of China[END_REF], and would be more suitable Pb sources.

The case for sulfides deposited during these events, or in their immediate aftermath, is stronger.

As demonstrated for sedimentary Pb-Zn sulfidic ores deposited during the Silurian and Devonian of North America [START_REF] Goodfellow | Anoxic stratified oceans as a source of sulphur in sediment-hosted stratiform ZnPb deposits (Selwyn Basin, Yukon, Canada)[END_REF], the Neoproterozoic and Early Paleozoic at Imiter, Morocco [START_REF] Essarraj | Basinal brines at the origin of the Imiter Ag-Hg deposit (Anti-Atlas, Morocco): Evidence from LA-ICP-MS data on fluid inclusions, halogen signatures, and stable isotopes (H, C, O)[END_REF], and on the Yangtze Platform, China [START_REF] Chen | Pb-Pb dating of black shales from the Lower Cambrian and Neoproterozoic strata, South China[END_REF][START_REF] Jiang | Trace-and rareearth element geochemistry and Pb-Pb dating of black shales and intercalated Ni-Mo-PGE-Au sulfide ores in Lower Cambrian strata, Yangtze Platform, South China[END_REF], oceanic anoxic events are commonly associated with the deposition of volcanosedimentary sulfide-rich ores. Oceanic anoxic events are known to coincide with major reduction and drawdown of marine sulfate, enhanced pyrite burial, and major shifts in the  34 S of marine barite [START_REF] Paytan | Seawater sulfur isotope fluctuations in the Cretaceous[END_REF]. Oceanic anoxic events further are associated with increase in global weathering [START_REF] Blättler | Significant increases in global weathering during Oceanic Anoxic Events 1a and 2 indicated by calcium isotopes[END_REF][START_REF] Percival | Pulses of enhanced continental weathering associated with multiple Late Devonian climate perturbations: Evidence from osmium-isotope compositions[END_REF], suggested to be triggered by global wildfires [START_REF] Brown | Cretaceous wildfires and their impact on the Earth system[END_REF][START_REF] Kump | Terrestrial feedback in atmospheric oxygen regulation by fire and phosphorus[END_REF], and development of euxinic conditions over large expanses of the ocean bottom [START_REF] Owens | Sulfur isotopes track the global extent and dynamics of euxinia during Cretaceous Oceanic Anoxic Event 2[END_REF]. A comparison between dates of major anoxic events and the model age peaks observed in the present study shows the following correspondences:

1. The oldest anoxic event relevant to the present study took place during the Cryogenian, possibly at the end of the Marinoan glaciation [START_REF] Sahoo | Ocean oxygenation in the wake of the Marinoan glaciation[END_REF]: the largest silver mine of Morocco, Imiter, was exploited since at least Medieval times and is associated with black shales deposited during well-identified episodes [START_REF] Essarraj | Basinal brines at the origin of the Imiter Ag-Hg deposit (Anti-Atlas, Morocco): Evidence from LA-ICP-MS data on fluid inclusions, halogen signatures, and stable isotopes (H, C, O)[END_REF]. The rather large spread of model ages with a peak at 613±42 Ma (Table 2), however, does not warrant further elaboration.

2. The dominant model age peak at 395±40 Ma (Upper Devonian) (Table 2) is consistent with the widespread period of anoxia known as the Kellwasser events (Frasnian-Famenian extinction) [START_REF] Buggisch | The global Frasnian-Famennian» Kellwasser Event[END_REF] and dated at 372 Ma [START_REF] Percival | Precisely dating the Frasnian-Famennian boundary: implications for the cause of the Late Devonian mass extinction[END_REF], possibly triggered by eruption of the Viluy traps, Eastern Siberia [START_REF] Courtillot | Preliminary dating of the Viluy traps (Eastern Siberia): Eruption at the time of Late Devonian extinction events? Earth Planet[END_REF][START_REF] Percival | Pulses of enhanced continental weathering associated with multiple Late Devonian climate perturbations: Evidence from osmium-isotope compositions[END_REF][START_REF] Percival | Precisely dating the Frasnian-Famennian boundary: implications for the cause of the Late Devonian mass extinction[END_REF].

3. The Lower Toarcian global anoxic event (~186 Ma ;[START_REF] Jenkyns | The early Toarcian (Jurassic) anoxic event-stratigraphic, sedimentary, and geochemical evidence[END_REF] is less conspicuous but still detectable as a model age peak in Iberian galenas (Table 2). Ages consistent with this event are found elsewhere in other Pb-Zn ores, e.g. in Britain, France, and Germany [START_REF] Bode | Archäometallurgische Untersuchungen zur Blei-/Silbergewinnung im Germanien der frühen Römischen Kaiserzeit[END_REF][START_REF] Marcoux | Isotopes du plomb et paragenèses mʹetalliques, traceurs de l'histoire des gîtes minéraux: illustration des concepts de source, d'héritage et de rʹegionalisme dans les gîtes franc̜ ais applications en recherche minière[END_REF][START_REF] Rohl | Lead isotope data from the Isotrace Laboratory, Oxford: archaeometry data base 2, galena from Britain and Ireland[END_REF].

4. In contrast, the well-documented oceanic anoxic events OAE1a (110 Ma), OAE1b (~111 Ma), and OAE2 (93 Ma) [START_REF] Jenkyns | Geochemistry of oceanic anoxic events[END_REF] overlap with the sharp Pb model age peak in Iberian galenas (90±34 Ma; Table 2). The resolution and accuracy of Pb model ages is insufficient to allow a more specific identification.

Although robust genetic models of SedEx and MVT ore deposits have become largely consensual [START_REF] Wilkinson | Sediment-Hosted Zinc-Lead Mineralization[END_REF], the original mechanisms leading to the original accumulation of the Pb-Zn sulfide stock are not entirely clear. Galena is notoriously rare in oceanic hydrothermal sulfides [START_REF] Oudin | Hydrothermal sulfide deposits of the East Pacific Rise (21 ゜ N). Part I: Descriptive mineralogy[END_REF] and Pb concentrations in mid-ocean ridge vent fluids are low (< 100 ppb, [START_REF] Chen | The U-Th-Pb systematics in hot springs on the East Pacific Rise at 21 N and Guaymas Basin[END_REF][START_REF] Michard | Rare-earth elements and uranium in high-temperature solutions from East Pacific Rise hydrothermal vent field (13°N)[END_REF], simply because Pb abundances in MORB and in the upper mantle are very low [START_REF] Albarède | The survival of mantle geochemical heterogeneities[END_REF][START_REF] Salters | Composition of the depleted mantle[END_REF]. While the Pb source of sediments is heavily controlled by erosion of continental surfaces [START_REF] Percival | Pulses of enhanced continental weathering associated with multiple Late Devonian climate perturbations: Evidence from osmium-isotope compositions[END_REF], any sulfide, whether hydrothermal or biogenic, is rapidly oxidized to sulfate in seawater under prevailing periods of oxic conditions but not under anoxic conditions. As shown by  34 S values in sedimentary pyrite drawn from the euxinic levels of the Black Sea [START_REF] Lyons | Sulfur isotopic trends and pathways of iron sulfide formation in upper Holocene sediments of the anoxic Black Sea[END_REF], reduction of marine sulfate during anoxic events does not account for the source of sulfur from massive sulfide deposits [START_REF] Seal | Sulfur isotope geochemistry of sulfide minerals[END_REF]. Sources of Pb and S therefore most likely are distinct: whenever hydrothermal sulfide spouted from mid-ocean ridges and back-arc basins form VMS deposits, their  34 S falls within a relatively narrow range (1-7‰) close to the mantle value [START_REF] Hannington | 13.18 -Volcanogenic Massive Sulfide Deposits[END_REF][START_REF] Seal | Sulfur isotope geochemistry of sulfide minerals[END_REF]. Anoxic water masses regularly injected by hydrothermal plumes rich in mantle sulfur offer a potential mechanism by which Pb and Zn from continental runoff will precipitate and trigger primary metalliferous accumulations. Present evidence is therefore sufficiently strong to support the claim that the source of metals eventually accumulating into sedimentary Pb-Zn deposits was initially deposited as sulfide-rich sediments, possibly in the form of VMS deposits, during widespread oceanic anoxic events.

To a large extent, it is well documented that the fluids associated with oil and Pb-Zn ore deposits share common sources and pathways [START_REF] Heyl | Isotopic evidence for the origin of Mississippi valley-type mineral deposits: a review[END_REF][START_REF] Leach | Sediment-hosted lead-zinc deposits: A global perspective[END_REF][START_REF] Wilkinson | Sediment-Hosted Zinc-Lead Mineralization[END_REF].

Multiple mineral processing studies have established that Pb is easily leached from galena at temperatures <100°C by chloride-rich solutions [START_REF] Correia | Technical note chloride leaching of portuguese lead concentrates[END_REF][START_REF] Long | Galena-pyrolusite co-extraction in sodium chloride solution and its electrochemical analysis[END_REF]. Methane is often abundant in fluid inclusions of minerals associated with ores, as in the Red Dog Zn-Pb-Ag deposits, Alaska [START_REF] Leach | Nature of hydrothermal fluids at the shale-hosted red dog Zn-Pb-Ag deposits, Brooks Range, Alaska[END_REF]. The temperatures recorded by fluid inclusions associated with both ores and oils are relatively low (70-170°C). Such temperatures are consistent with ore deposition in the cold, upper boundary layer of the large convective system affecting basinal fluids [START_REF] Elder | Steady free convection in a porous medium heated from below[END_REF][START_REF] Fetter | Lead isotopes as tracers of crude oil migration within deep crustal fluid systems[END_REF]. An important difference between oil and ores is that the source of Pb-Zn sedimentary deposits must have had very low U/Pb to prevent significant ingrowth of radiogenic Pb, which, as argued above, would otherwise visibly have spread out the Pb model ages.

The connection between the formation of large Pb-Zn ore deposits and oceanic anoxic events need to be reconciled with the first-order observation that Pb model ages on the scale of the European continent and the peri-Mediterranean realm distribute themselves into broad peaks centered around the formation of supercontinents (see Fig. 2 in [START_REF] Blichert-Toft | Large-scale tectonic cycles in Europe revealed by distinct Pb isotope provinces: MAPPING OUT EUROPE WITH PB ISOTOPES[END_REF]. For example, very large coherent continental expanses (Pangea) still dominated the Early Cretaceous, which was also a period with a surge in atmospheric PCO2, possibly associated with super-plume activity. Multiple effects such as temperature increase, large-scale wildfires, increased erosion rate, enhanced nutrient discharge and primary productivity, expanded platform carbonates, and accumulation of organic material and metals on the seafloor seem to have contributed to the anoxic event phenomenon [START_REF] Jenkyns | Transient cooling episodes during Cretaceous Oceanic Anoxic Events with special reference to OAE 1a (Early Aptian)[END_REF][START_REF] Jenkyns | Geochemistry of oceanic anoxic events[END_REF]. Similarly, nested conditions appear to have prevailed for the Kellwasser events in the Late Devonian [START_REF] Carmichael | Paleogeography and paleoenvironments of the Late Devonian Kellwasser event: A review of its sedimentological and geochemical expression[END_REF].

The case of British Columbia

In order to confront the present use of model ages with one of the best-documented cases of a Pb-Zn ore province, we calculated Pb model ages for a very large Pb isotope database on sedimentary Pb-Zn ore deposits from British Columbia (Godwin et al., 1982;Godwin and Sinclair, 1982). Excluding a few anomalous points with highly radiogenic Pb and the Proterozoic model ages consistent with the emplacement of the very large deposit of Sullivan (~1450 Ma) [START_REF] Jiang | Sm-Nd dating of the giant Sullivan Pb-Zn-Ag deposit[END_REF], the histogram of Figure 8 (148 samples) shows the presence of three broad but strong peaks, which, in the order of decreasing height, are located at 370, 90, and 200 Ma. The peak at 370 Ma is consistent with the Famennian stratigraphic age of the sedimentary Gataga Pb-Zn Deposit, Northern British Columbia [START_REF] Paradis | Age constraints on the Devonian shale-hosted Zn-Pb-Ba deposits, Gataga District, northeastern British Columbia, Canada[END_REF] and with the global Frasnian-Famenian anoxic events [START_REF] Percival | Precisely dating the Frasnian-Famennian boundary: implications for the cause of the Late Devonian mass extinction[END_REF]. The peak at 90 Ma is again consistent with the global OAE2 event. The peak at 200 Ma is of arguable significance and precision. Nevertheless, the similarity between the Pb model age peaks for galenas from Iberia and those for Pb-Zn ore deposits from British Columbia is striking. As observed for the Iberian galenas, analytical uncertainties significantly affect the sharpness of model age peaks. Further elaboration on the accuracy of the peaks identified in British Columbia would therefore require Pb isotopic data produced with modern analytical methods.

The model ages of Iberian K-feldspars

If underlain by pre-Variscan basement. The Sr isotopic signature of all these rocks is unmistakably crustal [START_REF] Castro | Palaeozoic magmatism[END_REF][START_REF] Ribeiro | Variscan Magmatism, in: The Geology of Iberia: A Geodynamic Approach[END_REF] and the size of some intrusions exceeds several tens of kilometers. These first-order observations require that the sources of the granites, located in the middle and lower crust, have been maintained at temperatures above eutectic melting, i.e. above the Pb closure temperature of the main mineral phases hosting unradiogenic Pb (750°C for galena [START_REF] Simkovich | Self-Diffusion of Lead 210 in Single Crystals of Lead Sulfide as a Function of Stoichiometry and Doping Additions[END_REF] and 550°C for K-feldspar [START_REF] Cherniak | Cation Diffusion in Feldspars[END_REF], but still below the closure temperatures of monazite and zircon [START_REF] Cherniak | Pb diffusion in monazite: a combined RBS/SIMS study[END_REF][START_REF] Cherniak | Cation Diffusion in Feldspars[END_REF]Watson, 2001, 2003), the main phases hosting highly radiogenic Pb. In other words, any source of magmatic Pb must have been homogenized during crustal melting. Nevertheless, although the K-feldspar model ages provide evidence of Paleozoic lead, they fail to define well-separated peaks. It is clear, in particular for Variscan granites, that the Pb model ages spread over a significantly broader interval than the fairly narrow range of emplacement ages derived from U-Pb and Rb-Sr chronology, and that the two types of ages are not correlated.

The strongest peak at 336±30 Ma (Early Carboniferous) (Table 2) is undoubtedly reminiscent of the ubiquitous Variscan magmatic activity, while the peak at 424±34 Ma (Silurian-Devonian) (Table 2) is consistent with known Silurian volcanic activity [START_REF] Gutiérrez-Marco | Early ordovician-devonian passive margin stage in the Gondwanan units of the Iberian Massif[END_REF]. But the striking lack of correlation between emplacement and Pb model ages rather suggests that the ages of emplacement and of the Pb sources are disconnected and that the Pb sources sampled by K-feldspars were not in the magma but in the sedimentary basins, which, 

Conclusions

The Pb model ages of the analyzed galena samples are significantly older than their ages of emplacement. They cluster around sharp peaks which do not correlate with local tectonic or magmatic events. Rather, these ages are contemporaneous with global anoxic events known from the Cretaceous (93-111 Ma), the Toarcian (186 Ma), and the Frasnian-Famennian S1); circles: literature data (Table S1). Maps of Tmod (d),  (e), and  (f) in galena from the Iberian Peninsula and adjacent Pyrenees. Symbols are the same. When the data are considered in 3-dimensional space, they show a strong regional character that allows Pb isotopes to be used as a provenance tool. S1); blue: all data, including this work and literature data (Table S1). The peaks of galena model ages do not correlate S2); blue: all data, including this work and literature data (Table S2). The better separation of the model age peaks of this work is assigned to improved analytical standards. Refined model age peaks obtained by cluster analysis in the 3-dimensional Tmod, ,  space are listed in Table 2 and serve as reference. Leaching of Pb from a range of Paleozoic sediments by geothermal systems above batholiths during emplacement followed by reworking during Mesozoic rifting and the Betic and Pyrenean tectonic events best account for the K-feldspar pattern of Pb model ages. et al., 1982;Godwin and Sinclair, 1982) calculated with the assumption of a mixture of normal populations. Although the lower analytical standard at the time these Pb isotope data were collected blurs the distribution, the two major peaks at ~100 Ma and ~370 Ma are reminiscent of the observations made on Iberian galenas (Fig. 5) and suggest that some model age peaks may be of global significance. S1. Location (mining region, deposit, latitude, and longitude), Pb isotopic compositions, and Pb-derived parameters (Tmod , µ and κ) of galenas from the Iberian Peninsula and adjacent Pyrenees. Literature data compilation and results from this study. Emplacement and absolute ages available in the literature are also reported for the different deposits. Table S2. Columns A to K: Location (latitude and longitude), Pb isotopic compositions, and Pb-derived parameters (Tmod , µ and κ) of K-felsdpars from the Iberian Peninsula and adjacent Pyrenees. Columns L to O: Tectonic ages of the corresponding geologic formations. Literature data compilation and results from this study. 
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  of their Iberian background geology is presented here. Digitized geological maps of Spain, Portugal, and France are freely available on the portals of the Geological and Mining Institute of Spain (IGME), the National Laboratory of Energy and Geology of Portugal (LNEG), and the French Geological Survey (BRGM). The geology of the Iberian Peninsula was affected by Neoproterozoic to Neogene geodynamic activity (Quesada and Oliveira, 2019) and involved three major orogenic cycles: the Cadomian (Pan-African) events spanning the Ediacaran to the Cambrian, the Variscan (Hercynian) events, and the Alpine events. The Pan-African (Cadomian) series of tectonic events occurred during the late Neoproterozoic, about 650-550 Ma ago and led to the formation of the continent and its collision with island arcs and other Proterozoic terranes. During the Variscan orogeny, Gondwana collided with the northern Laurussia continent to form Pangaea. The resulting supercontinent gradually broke up during the Mesozoic Era and various fragments collided to form Alpine orogens.

Figure 1

 1 Figure 1 depicts the main features of Iberian geology while Fig. 2 positions the most commonly used geological units. The bulk of Iberia was assembled and deformed during the Variscan orogeny and constitutes the western expansion of the West European Variscides. The main tectonic provinces underlain by pre-Variscan and Variscan basement are the South Portuguese, Ossa Morena, Central Iberia, and West Asturian Leonese Zones, to which the internal zones of the Pyrenees, the Betics, and the Catalan Coastal Range must be added. The pre-Variscan (Neoproterozoic, Cadomian) basement includes fragments from the Pan-African, notably in western and northwestern Spain, the eastern Pyrenees, and the whole of the Ossa Morena Zone. The Pyrenees is a prominent mountain range resulting from the Mid-Cretaceous and Eocene collision between Iberia and western Europe.

  of shales and sandstones of variable thickness. Two types of ore deposits are hosted by this formation at different stratigraphic positions. Ores from the first type are disseminated stratiform ores with thin layers of sphalerite and galena replacing earlier pyrite and are located in the Lower Member of the Vegadeo formation. These deposits are thought to have a premetamorphic origin with sulfur and fluids being derived from the host carbonates. The second type, of greater economic importance, is located on top of the Vegadeo Formation always in contact with the overlaying shales and sandstones. The mineral assemblage of this type is composed of sphalerite and galena, with minor amounts of chalcopyrite, pyrite, Co-Ni-As sulfides, bismuthinite, tetrahedrite, and Pb-Bi sulfosalts. Several indices suggest that these last Variscan mineralizations result from the remobilization of the pre-metamorphic stratiform ores (Tornos

  For K-feldspars, emplacement ages and Pb model ages are not correlated (r = 0.14). Most early Variscan granites dated at >300 Ma are located in Northwestern Iberia, the Eastern Pyrenees, and the Catalan Coastal Range and have model ages clustering between 402 and 449 Ma (Upper Silurian-Devonian). The K-feldspar data from various types of granites together with those from the literature reveal a picture very different from that of galena with well-defined

  Iberian galena Pb model ages are dominated by the deposition of sulfides deposited during anoxic events, what then do Pb model ages of Variscan granitic K-feldspar represent? The large Variscan batholiths that cover most of northwestern Spain and Portugal and central and southcentral Spain, and the Coastal Batholith of Catalonia and the Pyrenees, were emplaced during the subduction and collisions that led to the formation of the Gondwana and Pangea supercontinents, respectively. The Neogene Betic orogeny occupies the southern part of Iberia but is

  at the time of emplacement, were surrounding the plutons. In addition, Mesozoic Pb model ages(< 200 Ma), clearly younger than the granite emplacement ages, hint at recent overprinting of the Variscan ages, indicating some revival of fluid circulation, in particular along the Pyrenean orogen, well after the emplacement of the Variscan granites. In general, the emplacement ages of very young plutons, such as Monte Capanne, Elba Island (7 Ma,Gagnevin et al., 2005), or Cenozoic Himalayas (20-55 Ma, Blichert-Toft et al., unpublished data) do not, in general, agree with the Pb model ages of their K-feldspars (145 Ma and 220 Ma, respectively). These observations, again, are consistent with Pb sources lying in the Pb-rich layers of sedimentary basins associated with plutons at the time of emplacement.
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 3 Figure 3. Comparison between Pb model ages and the emplacement age intervals of Iberian ores (TableS1). The error bars represent the interval of emplacement ages found in the literature. The solid line is the locus of identical model and emplacement ages, while the dashed line is the locus of samples for which the model ages are 400 Ma older than the model ages. The Pb model ages of most galena samples are significantly older, by up to 400 Ma, than their emplacement ages and the difference largely exceeds the uncertainties due to the assumptions on the model.
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 4 Figure 4. Maps of 206 Pb/ 204 Pb (a), 207 Pb/ 206 Pb (b), and 208 Pb/ 206 Pb (c) in galena from the Iberian Peninsula and adjacent Pyrenees. Squares: new data (this study; TableS1); circles: literature

Figure 5 .

 5 Figure 5. One-dimensional histogram of galena Pb model ages calculated with the assumption of a mixture of normal populations. Red: new data (this study; TableS1); blue: all data, includ-

  with known tectonic episodes (Betic at 20 Ma, Pyrenean at 45 Ma, Variscan at 330-270 Ma, and Cadomian/Pan-African at 550-480 Ma) with the possible exception of the South Portuguese Zone. Refined model age peaks obtained by cluster analysis in the 3-dimensional Tmod, ,  space are listed in Table 2 and serve as reference. The observed peaks of galena Pb model ages are best interpreted as originating from the formation of sedimentary sulfides during anoxic events. Subsequent reworking of these sulfides by basinal fluids eventually led to the formation of large Pb-Zn ores.
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 6 Figure 6. One-dimensional histogram of Iberian K-feldspar Pb model ages calculated with the assumption of a mixture of normal populations. Red: new data (this study; TableS2); blue: all
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 7 Figure 7. Caltech-plot of the significant peaks of Pb model ages observed for galenas and Kfeldspars. Pairwise, these peaks are significantly different. The numbers next to the symbols indicate the number of samples.
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 8 Figure 8. One-dimensional histogram of Pb model ages for British Columbia galenas (Godwin
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  ( 206 Pb/ 204 Pb (a), 207 Pb/ 206 Pb (b), 208 Pb/ 206 Pb (c), Tmod (Pb model age) (d), (apparent 238 U/ 204 Pb) (e) and (apparent 232 Th/ 238 U) (f)) reveal that these variables are strongly controlled by geography. With the exception of the OMZ and the South Central Iberian Zone, the data are consistent within the same region. 206 Pb/ 204 Pb and Tmod are negatively correlated, whereas 208 Pb/ 206 Pb and  are positively correlated. The  map separates a province with high values, the Pyrenees and the Catalan Coastal Range, from the rest of Iberia. Galenas with the highest 206 Pb/ 204 Pb and the youngest Tmod are restricted to the Eastern Betic realm, whereas galenas with the lowest 206 Pb/ 204 Pb, and hence the oldest, are found in León (northwestern Spain), the South Central Iberian Zone, the OMZ (Extremadure), and the northern Pyrenees. Other galenas from the OMZ, the South Central Iberian Zone, the Catalonia Batholith, and the Pyrenees fall within an intermediate 206 Pb/ 204 Pb range. 207 Pb/ 204 Pb and Tmod mirror this distribution and 208 Pb/ 204 Pb also shows the same strong contrast between the Betic realm, the OMZ, and the Pyrenee-Catalonia domain.

  . The origin of the original Pb stock therefore firmly plots in the field of upper crustal rocks. Despite evidence that 207 Pb/ 204 Pb and  values are higher in the upper crust than in the mantle, the high 206 Pb/ 204 Pb values adopted for the modern Upper Continental Crust byZartman and Haines (1988) (19.33) andKramers and Tolstikhin (1997) (19.17) correspond to future model ages, as calculated in Albarède et al.

(2012), of 231 and 153 Ma, values that are unreasonably low with respect to observations on galenas, whether conformable or not

Table 1 .

 1 Parameters of the different two-stage models Model ( 206 Pb/ 204 Pb) ( 207 Pb/ 204 Pb) ( 208 Pb/ 204 Pb)   (Ga) ( 238 U/ 204 Pb)0 ( 232 Th/ 238 U)0 Stacey and Kramers (1975) 2 Albarède and Juteau (1984) 3 Intersection of three mixing trends in the 207 Pb/ 204 Pb vs 206 Pb/ 204 Pb plots of Vlastelic et al. (2001). Table2. Mean and standard deviation of Tmod, , and  of the five normal components found for galena and the four normal components identified for K-feldspar from Iberia and adjacent Pyrenees. s refers to standard deviations and N to the number of samples assigned to each component. All the samples from this work and from the literature have been used for the calculation.

		𝑥 0 *	𝑦 0 *	𝑧 0 *		  		  
	SK 1	18.700	15.628	38.63	3.7	9.74		3.78
	AJ 2	18.75	15.63	38.86	3.8	9.66		3.9
	FeMn-nodules 3	18.69	15.64	38.70				
	1 Event		Tmod (Ma)	s		s		s	N
	Iberian galenas						
	1		90	34	9.85	0.06	3.96	0.05	80
	2		185	26	9.78	0.23	3.95	0.07	29
	3		313	41	9.92	0.12	4.04	0.06	44
	4		395	40	9.77	0.12	3.98	0.05	237
	5		613	42	9.89	0.20	4.04	0.07	74
	Iberian K-feldspars						
	1		185	180	9.87	0.14	3.94	0.22	7
	2		214	53	9.86	0.10	3.83	0.13	12
	3		336	30	9.83	0.13	3.90	0.05	46
	4		424	34	9.96	0.09	4.01	0.03	38
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Pb isotopes in K-feldspars also may reflect a sedimentary origin, with fluids circulating in the sedimentary pile around granite intrusions. Model Age (Ma) Model Age (Ma) Click here to access/download Supplementary file Table S1.
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